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Abstract
Quantization and renormalization of the left-right symmetric model is the
main purpose of the paper. First the model at tree level with a Higgs sector
containing one bidoublet and two triplets is precisely discussed. Then the
canonical quantization and Faddeev-Popov Lagrangian are carried out (’t Hooft
gauge). The BRST symmetry is discussed. Subsequently the on mass shell
renormalization is performed and, as a test of consistency, the renormalization
of the ZNiNj vertex is analyzed.
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I Introduction.
The Standard Model (SM) agrees with all ever done experiments on both classical and quantum levels [1]. Any
announcement of detection of a new, non-standard signal has, sooner or later, died out. For instance, world-wide
discussed discrepancies at LEP have disappeared when more data have been collected and analyzed [2]. However,
recent Superkamiokande (SK) atmospheric observations [3] show (indirectly) strong evidence for neutrino mass. This
has been recognized as a first positive sign of physics beyond the orthodox SM. Nonzero neutrino masses are quite
natural in the electroweak theory. With the known left-handed neutrinos and the standard Higgs doublet massive
neutrinos appear from higher dimension operators acting at the Planck scale [4]. However, expected effects of quantum
gravity in SM induce Majorana masses, few order of magnitudes smaller than we need to explain SK data [5]. In these
circumstances right-handed neutrinos seem to be inevitable in the theory and open the route to higher unification
e.g. via left-right symmetric gauge groups [5,6]. Whether such models are responsible for the SK signal is still an
open question. Putting aside the problem of neutrino masses, left right models have many other interesting and
nonstandard features. Actually, the theoretical concept of the left-right symmetry in physics at very high energies
has already been invented almost 25 years ago simultaneously with the idea of GUT models [6,7].
The smallest gauge group which implements the hypothesis of left-right symmetry of weak interactions is
SU(2)L ⊗ SU(2)R ⊗ U(1)B−L. (1)
This gauge group can be understood as a second step (after the SM) in unifying fundamental interactions and
unravels several puzzles of the SM.
First of all it restores quark-lepton symmetry. In the SM both left-handed neutrinos and charged leptons of the
same flavour are elements of the same object with respect to the SU(2) gauge group. The same happens with left-
handed up and down quarks. However, right-handed fields i.e. quarks and leptons are not treated in the same way:
they are singlet fields with respect to the SU(2) gauge group. In the left-right symmetric models both left-handed and
right-handed fields are treated in the same way - they form doublets under SU(2) left- and SU(2) right- gauge groups.
Moreover, violation of the space inversion symmetry is not an ad hoc assumption but follows from vacuum structure
of the theory. At high energy parity is conserved, but at some energy scale vR (connected with the masses of heavy
gauge bosons) the space inversion symmetry is broken spontaneously. Observed near maximal parity violation at low
energies is explained by the large difference between masses of heavy and light gauge bosons. The suppression of the
right-handed charged currents (not visible up to now) is linked with the high-low (left-right) energy gap, too.
Phenomena mentioned above are generic to the left-right symmetric unified models. There are also other important
features of the model which appear naturally and are able to solve some unanswered SM’s problems. Among them
the following issues can be specified:
i) Small masses of light neutrinos.
In the conventional version of the L-R model [8] we have three light and three heavy (presumably Majorana)
neutrinos. Small masses of known neutrinos can be explained via so-called seesaw mechanism [9].
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ii) Physical interpretation of the U(1) generator as the B-L quantum number [10]
The SM has an anomaly free global B-L symmetry. The right-handed neutrinos create the B-L symmetry to be
local and anomaly free. Such a symmetry is gaugeable which makes it possible to replace the arbitrary weak
hypercharge Y of the SM by better known and invented earlier B(aryon) and L(epton) numbers. Then the
electric charges of particles are connected with known quantities, eigenvalues of the left (T3L) and right (T3R)
generators of the SUL(2) and SUR(2) groups, respectively in the way:
Q = T3L + T3R +
B − L
2
. (2)
iii) Charge quantization [11],
If neutrinos are Majorana particles (Dirac neutrinos are not so natural) then the B-L number is violated and
the requirement that the theory must be anomaly free (which is necessary for renormalizability) leads to charge
quantization.
iv) Understanding of the smallness of CP violation in the quark sector [12].
In some versions of the L-R models phases responsible for CP violation are connected with the right-handed
quark sector. Then the smallness of the CP effect is related directly to the suppression of the V+A current: the
bigger MW2 , the smaller CP violation.
v) Solution of the strong CP problem [13].
As it was mentioned above mirror symmetry is an exact symmetry in the L-R models before spontaneous
breakdown. Then the strong CP parameter Θ changes under parity to −Θ, thus in the L-R models Θ = 0
naturally. Small, finite contributions to Θ arise at two loop level.
Not all puzzles of the SM are solved. Some of them still remain. The large number of parameters (masses and
mixing angles) and the fine-tuning problems (the naturality problem and the cosmological constant problem) wait for
disentanglement. Supersymmetric version of the model finds the answer to some questions (e.q. naturalness problem)
but still more of them wait for an explanation. We may only hope that all these doubts will be explained in the
future.
Plenty of different L-R symmetric models based on the gauge group Eq. (1) have appeared in the literature [14].
They have usually been used to find out new phenomenological phenomena connected with
• extra gauge bosons at lepton [15–17] and hadron colliders [17–19];
• heavy neutrinos at e+e− [16,19–22], e−γ [22] and hadron colliders [23];
• doubly [24,25], singly charged [24,26,27] and neutral [24,27,28] Higgs particles;
• lepton number violating processes at both high [29] and low energies [30];
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• CP effects in Higgs [31], lepton [32] and quark [12], [33] sectors;
• electromagnetic properties [34] and nature [35] of neutrinos;
• flavour changing neutral processes (FCNC) [36];
• Kaon [37,38] and B [39] physics.
We are aware of only few papers where radiative corrections to the LR model have been used [40,41]. Typical non
standard one loop diagrams have been used very rarely (finite box diagrams) [38]. Wherever needed, only the SM
virtual corrections have been considered [37,42]. Such a (misleading) procedure has been justified by the argument
that corrections to small non standard tree level diagrams are negligible (see for contrary arguments in [43,44]).
However, the experimental results (for example from LEP I and II) are getting better and better. We also do not
know the role of the Higgs sector in the case of strongly broken ‘custodial’ symmetry. Moreover, it was found [40] that
in left-right models heavy boson scalars do not decouple in low-energy phenomena. In such circumstances a natural
question arises whether non standard corrections are really negligible. To answer that question it is necessary to
calculate them. To make it properly the model has to be renormalized (see [43] for another renormalization approach
to the LR model).
Since 1971 we know [45] how to build a renormalizable gauge field theory. The L-R gauge model satisfies all its
requirements so it is a renormalizable model. Although theoretically understood, the problem is how to make it in
practice, especially when much more new quantities in comparison to the SM must be worked out. The problem is not
only with the larger number of Feynman diagrams which have to be added for each quantity. New important renor-
malization constants such as new heavy gauge and Higgs fields appear. There are also two new mixing angles between
charged and neutral gauge bosons. Mixing matrices in quark [46] and lepton [47] sectors have to be renormalized.
Neutrinos are Majorana particles so little more complicated techniques have to be applied [48].
At the beginning of the development of the L-R models the breaking of the gauge symmetry was implemented by
choosing two Higgs doublets χL(2,0,2) and χR(0,2,2) and the bidoublet φ(2,2,0) [49]. Later on it was realized that
choosing, instead of two doublets, two Higgs triplets ∆L(3,1,2) and ∆R(1,3,2) the smallness of neutrino masses may
be connected with the large scale of right-handed symmetry breaking [50,51]. For many different purposes also other
Higgs sectors were considered. It made it possible to understand a small mass for neutrinos by radiative corrections,
to have see-saw mechanism for Dirac neutrinos, or to eliminate the FCNC in quark interaction. There were introduced
Higgs sectors with (i) bidoublet, doublets and triplets [52], (ii) doublets and triplets [53], (iii) doublets and singlets [54].
We will focus here on the model where two triplets and bidoublet form the Higgs sector and where P symmetry prior
to symmetry breakdown is assumed (for models without explicit P symmetry, see e.g. [55,56]). This is a realization of
the so called Manifest (or quasi-manifest) L-R symmetric model where the gauge couplings gL and gR of the SU(2)L
and SU(2)R subgroups, respectively, are equal [57–59] and Yukawa couplings form hermitian matrices [60].
At the tree level this minimal (manifest or quasi-manifest) L-R symmetric model has been analyzed extensively
from both theoretical [61] and phenomenological point of views [42], [62], [63].
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In order to be consistent with observed phenomena, the symmetry breaking pattern in our model should satisfy
inequalities: vR >>
√
κ21 + κ
2
2 >> vL where vR, κ1, κ2, vL are the VEVs of appropriate fields (see Chapter 1). To
avoid fine-tuning problems with the model parameters it was shown that vL = 0 should be imposed [51,64]. In what
follows we also require vanishing of VEV for the left-handed neutral triplet field, < ∆L >0= 0. The most general
form of the L-R symmetric Yukawa potential is worked out, however, with one assumption that there is no hard CP
violation in the Higgs sector [51].
In the next Chapter we describe in full details the model at the tree level. First, the Lagrangian in the weak basis
before diagonalization is discussed. Then the Higgs potential is described. The fermion and boson mass matrices are
diagonalized, the L-R model Lagrangian in the physical basis and CP symmetry are considered. Presented couplings
among the physical fields are very convenient in practical model applications. In Chapter 3 the procedure of the L-R
model quantization is presented. The linear gauge fixing terms are introduced (the ’tHooft gauge). The Goldstone
bosons and the Faddeev-Popov ghosts are defined. Next BRST transformations for all physical and unphysical fields
are introduced and afterwards the Faddeev-Popov ghost Lagrangian is given. In Chapter 4 the renormalization
procedure is presented. All renormalization constants for the fields, masses, mixing parameters are defined. The
renormalization of the charged and neutral current mixing matrices is described. Finally in Chapter 5, to check the
consistency of the procedures the renomalization of the Z1NiNj vertex is performed. At the beginning the general
scheme and calculations of necessary renormalization constants are presented. Then, the cancellation of the infinite
part of the Z1NiNj vertex is analyzed.
II Model at the tree level.
We write down below the full Lagrangian at the tree level which we use in the paper. First we present the Lagrangian
in a weak unphysical base. Then, after mass matrices diagonalization, the Lagrangian in the physical base is given.
2.1 STRUCTURE OF THE LAGRANGIAN OF THE THEORY.
2.1.1 Fermion and gauge fields.
In the SU(2)L ⊗ SU(2)R ⊗ U(1)B−L gauge model quarks (Q) and leptons (L) are placed in doublets [61]
LiL =
(
ν′i
l′i
)
L
: (2, 1,−1), LiR =
(
ν′i
l′i
)
R
: (1, 2,−1), (3)
QiL =
(
u′i
d′i
)
L
: (2, 1, 1/3), QiR =
(
u′i
d′i
)
R
: (1, 2, 1/3). (4)
i=1,2,3 runs over number of generations. The numbers (dL, dR, Y ) in parenthesis characterize the SU(2)L, SU(2)R
and U(1)B−L representation. dL,R denote dimensions of the SU(2)L and SU(2)R representation, Y = B − L. The
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quantum numbers for U(1)B−L gauge group are connected with charges of the particles by Eq.(2). The fermion fields
(Eq. (3) and (4)) have the following gauge transformations (ΨL,R = (Q,L)L,R)
Ψ′L =
[
e−ig
′ Y
2
Θ(x)e−igL
~τ
2
~Θ(x)
]
ΨL,
Ψ′R =
[
e−ig
′ Y
2
Θ(x)e−igR
~τ
2
~Θ(x)
]
ΨR. (5)
Gauge invariance is achieved when 7 gauge fields ( ~WL,R)µ, Bµ are introduced. Then, appropriate covariant deriva-
tives for ΨL,R fields are
DµΨL =
(
∂µ − igL~τ
2
~WLµ − ig′Y
2
Bµ
)
ΨL, (6)
DµΨR =
(
∂µ − igR~τ
2
~WRµ − ig′Y
2
Bµ
)
ΨR,
with the following gauge fields transformations(
~τ
2
~WL,R
)′
µ
= e−igL,R
~τ
2
~ΘL,R(x)
(
~τ
2
~WL,R
)
µ
eigL,R
~τ
2
~ΘL,R(x)
− 1
igL,R
e−igL,R
~τ
2
~ΘL,R(x)∂µ
(
eigL,R
~τ
2
~ΘL,R(x)
)
, (7)
B′µ = Bµ −
1
ig
e−ig
′ Y
2
~Θ(x)∂µ
(
eig
′ Y
2
~Θ(x)
)
. (8)
We start with the three different couplings gL, gR and g’. Transformations defined in Eqs. (5-8) allow consistently
to build up two kinds of invariant interactions. The first one gives the fermion-gauge interaction
Lf =
∑
Ψ=(Q),(L)
Ψ¯Lγ
µ
(
i∂µ + gL
~τ
2
~WLµ + g
′Y
2
Bµ
)
ΨL + (L→ R) . (9)
The second gives the gauge-gauge one
Lg = −1
4
WµνLi WLiµν −
1
4
WµνRiWRiµν −
1
4
BµνBµν , (10)
where
Wµν1L,R = ∂
µW ν1L,R − ∂νWµ1L,R + gL,R(Wµ2L,RW ν3L,R −Wµ3L,RW ν2L,R),
Wµν2L,R = ∂
µW ν2L,R − ∂νWµ2L,R + gL,R(Wµ3L,RW ν1L,R −Wµ1L,RW ν3L,R),
Wµν3L,R = ∂
µW ν3L,R − ∂νWµ3L,R + gL,R(Wµ1L,RW ν2L,R −Wµ2L,RW ν1L,R),
Bµν = ∂µBν − ∂νBµ. (11)
Until now fermion and gauge fields are massless - mass terms which could appear are not gauge invariant. To
make them massive we have to introduce scalar fields - Higgs particles and apply the spontaneous symmetry breaking
mechanism.
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2.1.2 Higgs sector of the theory.
In order to produce fermion mass matrices we need to introduce only one Higgs multiplet - the so called bidoublet
[58] (again, as in the fermion case, in parenthesis quantum numbers (dL, dR, B − L) are given)
φ =
(
φ01 φ
+
1
φ−2 φ
0
2
)
: (2, 2, 0) , (12)
with gauge transformation
φ′ = e−igL
~τ
2
~Θ(x) φ eigR
~τ
2
~Θ(x). (13)
Consequently the most general Yukawa Lagrangian is given by
LY = −
∑
i,j
L¯iL
(
(hl)ijφ+ (h˜l)ij φ˜
)
LjR −
∑
i,j
Q¯iL
(
(hq)ijφ+ (h˜q)ij φ˜
)
QjR + h.c., (14)
where
φ˜ = τ2φ
∗τ2 =
(
φ0∗2 −φ+2
−φ−1 φ0∗1
)
(15)
is also the object with quantum numbers (2, 2, 0). However, bidoublet φ is not sufficient for breaking SU(2)L ⊗
SU(2)R ⊗ U(1)B−L to the U(1)em, the only symmetry which remains. There are many other possible ways to break
the symmetry [65]. Among them the most popular ones are models with Higgs triplets (∆L ∼ (3, 1, 2), ∆R ∼ (1, 3, 2))
in addition to the bidoublet [58]
∆L,R =
(
δ+L,R/
√
2 δ++L,R
δ0L,R −δ+L,R/
√
2
)
. (16)
The gauge transformations for the triplets fields are the following
∆′L,R = e
−ig′ Y
2
Θ(x)e−igL,R
~τ
2
~Θ(x) ∆L,R e
igL,R
~τ
2
~Θ(x). (17)
Now we can build the kinetic part of the Higgs bosons Lagrangian
LkinHiggs = Tr
[
(Dµ∆L)
†
(Dµ∆L)
]
+ Tr
[
(Dµ∆R)
†
(Dµ∆R)
]
+ Tr
[
(Dµφ)
†
(Dµφ)
]
, (18)
where
Dµφ = ∂µφ− igL ~WLµ ~τ
2
φ+ igRφ
~τ
2
~WRµ,
Dµ∆L,R = ∂µ∆L,R − igL,R
[
~τ
2
~WL,Rµ,∆L,R
]
− ig′Bµ∆L,R. (19)
In L-R symmetric models every L field has an R counterpart. This allows the definition of the space inversion
symmetry (Px = (t,−~x), ε(µ) = 1 for µ = 0 and − 1 for µ = 1, 2, 3);
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ψL,R(x)→ ψR,L(Px), (20)
~WµL,R(x)→ ε(µ) ~WµR,L(Px), (21)
Bµ(x)→ ε(µ)Bµ(Px), (22)
and
∆L,R(x)→ ∆R,L(Px), (23)
φ(x)→ φ†(Px). (24)
From now on, we will consider a model which is symmetric under the above parity transformation (Eq.(20 - 24)).
The parts of the Lagrangian density which we have already discussed ( Eqs. (9), (10), (14), (18)) have the P symmetry
if gL = gR ≡ g, hl,q = h†l,q, h˜l,q = h˜†l,q.
2.1.3 The Higgs potential.
In order to break the left-right symmetry to the final U(1)em the Higgs potential is introduced. The most general
potential for one bidoublet φ (12) and two triplets ∆L,R (16) which have the left-right symmetry (Eq.(23 - 24)) was
introduced in [51]
V (φ,∆L,∆R) = − µ21
(
Tr
[
φ†φ
])− µ22 (Tr [φ˜φ†]+ Tr [φ˜†φ])− µ23 (Tr [∆L∆†L]+ Tr [∆R∆†R])
+ λ1
((
Tr
[
φφ†
])2)
+ λ2
((
Tr
[
φ˜φ†
])2
+
(
Tr
[
φ˜†φ
])2)
+ λ3
(
Tr
[
φ˜φ†
]
Tr
[
φ˜†φ
])
+ λ4
(
Tr
[
φφ†
] (
Tr
[
φ˜φ†
]
+ Tr
[
φ˜†φ
]))
+ ρ1
((
Tr
[
∆L∆
†
L
])2
+
(
Tr
[
∆R∆
†
R
])2)
+ ρ2
(
Tr [∆L∆L]Tr
[
∆†L∆
†
L
]
+ Tr [∆R∆R]Tr
[
∆†R∆
†
R
])
+ ρ3
(
Tr
[
∆L∆
†
L
]
Tr
[
∆R∆
†
R
])
+ ρ4
(
Tr [∆L∆L]Tr
[
∆†R∆
†
R
]
+ Tr
[
∆†L∆
†
L
]
Tr [∆R∆R]
)
+ α1
(
Tr
[
φφ†
] (
Tr
[
∆L∆
†
L
]
+ Tr
[
∆R∆
†
R
]))
+ α2
(
Tr
[
φφ˜†
]
Tr
[
∆R∆
†
R
]
+ Tr
[
φ†φ˜
]
Tr
[
∆L∆
†
L
])
+ α∗2
(
Tr
[
φ†φ˜
]
Tr
[
∆R∆
†
R
]
+ Tr
[
φ˜†φ
]
Tr
[
∆L∆
†
L
])
+ α3
(
Tr
[
φφ†∆L∆
†
L
]
+ Tr
[
φ†φ∆R∆
†
R
])
+ β1
(
Tr
[
φ∆Rφ
†∆†L
]
+ Tr
[
φ†∆Lφ∆
†
R
])
+ β2
(
Tr
[
φ˜∆Rφ
†∆†L
]
+ Tr
[
φ˜†∆Lφ∆
†
R
])
+ β3
(
Tr
[
φ∆Rφ˜
†∆†L
]
+ Tr
[
φ†∆Lφ˜∆
†
R
])
. (25)
From the parity transformation (Eq.(20 - 24) it follows also that all terms in the potential are self-conjugate except
the α2 terms. This means that all parameters µi, λi, ρi and βi are real. Only α2 can be complex. To avoid the
explicit CP symmetry breaking in the Higgs sector also α2 is taken to be real ( ref. [51]). The neutral Higgs fields φ
0
1,
φ02, δ
0
L and δ
0
R acquire VEV for which the potential Eq.(25) has minimum
< φ >=
(
κ1/
√
2 0
0 κ2/
√
2
)
, < ∆L,R >=
(
0 0
vL,R/
√
2 0
)
. (26)
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The VEV’s for φ01,2, δ
0
L,R can be complex, but the freedom of gauge symmetry transformation gives a chance to
make two of them real. Usually vR and κ1 are taken to be real and vL and κ2 remain complex
vL = |vL|eiΘL , κ2 = |κ2|eiΘ2 . (27)
There are six minimization conditions
∂V
∂vR
=
∂V
∂κ1
=
∂V
∂|vL| =
∂V
∂ΘL
=
∂V
∂|κ2| =
∂V
∂Θ2
= 0 (28)
which connect the VEV’s with the Higgs potential parameters. From equation (28) it follows that in order to avoid
fine-tuning and to satisfy the phenomenological requirements, the Θ2 phase, |vL| and βi parameters in the potential
must vanish [51]
Θ2 = vL = β1 = β2 = β3 = 0. (29)
In what follows we consider the Higgs potential in the form given by Eq.(25) with β1 = β2 = β3 = 0 without explicit
CP symmetry breaking (α2 = α
∗
2) where spontaneous CP symmetry breaking also does not appear (Θ2 = |vL| = 0).
After SSB when φ acquires VEV (Eq.(26)), the full gauge symmetry Eq.(1) is broken to U(1)Q ⊗ U(1)B−L. The one
U(1)B−L group follows from the B−L = 0 attribution for φ, ((B −L) < φ >= 0). The other U(1)Q follows from the
remaining gauge symmetry given by the charge operator Qˆ
Qˆ < φ >=
[
1
2
τ3, < φ >
]
= 0. (30)
Next from SSB for right-handed triplet it follows that
U(1)Q ⊗ U(1)B−L ∆R→ <∆R>−→ U(1)Q, (31)
which is possible to see from
(B − L) < ∆R >= 2 < ∆R > 6= 0, (32)
and
Qˆ(< ∆R >) =
[
1
2
τ3, < ∆R >
]
+
B − L
2
< ∆R >= 0. (33)
It is worth to stress that the SSB for bidoublet φ and right - handed triplet ∆R is sufficient to get the correct final
gauge group U(1)Q ≡ U(1)em. The left - handed triplet ∆L does not have to be spontaneously broken (vL = 0).
2.2 LAGRANGIAN IN THE PHYSICAL BASIS.
In the previous section we have introduced the full Lagrangian with scalar, fermion and gauge fields. Now we will
find transformations of these fields to physical basis.
9
2.2.1 The physical fields.
We consider the diagonalization of the mass matrices separately for gauge bosons, for fermions and for Higgs
particles. The CP symmetry can be broken only in the fermion sector. Some comments about it are also given.
2.2.1.1 Gauge bosons.
After SSB (Eq.(26)) charged and neutral gauge bosons mass matrices M˜2W and M˜
2
0 are obtained from L
kin
Higgs
(Eq.(18)). In the Wµ±L,R =
1√
2
(W 1µL,R ∓ iW 2µL,R) and (Wµ3L,Wµ3R, Bµ) basis we have
LM =
(
W+µL , W
+µ
R
)
M˜2W
(
W−Lµ
W−Rµ
)
+ h.c.+
1
2
(Wµ3L, W
µ
3R, B
µ) M˜20
 W3LµW3Rµ
Bµ
 , (34)
M˜2W =
g2
4
(
κ2+ −2κ1κ2
−2κ1κ2 κ2+ + 2v2R
)
, (35)
and
M˜20 =
1
2
 g
2
2 κ
2
+ − g
2
2 κ
2
+ 0
− g22 κ2+ g
2
2 (κ
2
+ + 4v
2
R) −2gg′v2R
0 −2gg′v2R 2g′2v2R
 , (36)
where κ+ =
√
κ21 + κ
2
2.
The symmetric mass matrices are diagonalized by the orthogonal transformations(
W±L
W±R
)
=
(
cosξ sinξ
−sinξ cosξ
)
=
(
W±1
W±2
)
, (37)
and  W3LW3R
B
 =
 cW c cW s sW−sW sMc− cMs −sW sMs+ cMc cW sM
−sW cMc+ sMs −sW cMs− sMc cW cM
 Z1Z2
A
 ≡
 x1 x2 x3y1 y2 y3
v1 v2 v3
 Z1Z2
A
 , (38)
where
g =
e
sinΘW
, g′ =
e√
cos 2ΘW
, cW = cosΘW , sW = sinΘW ,
cM =
√
cos 2ΘW
cosΘW
, sM = tgΘW , s = sinφ, c = cosφ.
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From the relations above it is easy to see that x3 and y3 in the matrix Eq.(38) are equal, i.e. x3 = y3.
Masses of the physical gauge bosons are the following
M2W1,2 =
g2
4
[
κ2+ + v
2
R ∓
√
v4R + 4κ
2
1κ
2
2
]
, (39)
M2Z1,2 =
1
4
{[
g2κ2+ + 2v
2
R
(
g2 + g′2
)]∓√[g2κ2+ + 2v2R (g2 + g′2)]2 − 4g2 (g2 + 2g′2)κ2+v2R} . (40)
The mixing angles are given by
tan 2ξ = −2κ1κ2
v2R
, sin 2φ = − g
2κ2+
√
cos 2ΘW
2 cos2ΘW
(
M2Z2 −M2Z1
) . (41)
Experimental data gives bounds on the additional gauge boson masses MW2 , MZ2 and the ρ =
M2W1
M2
Z1
cos2 ΘW
param-
eter which are satisfied only if vR >> κ+. In this approximation there is (to the first order in
κ+
vR
and
√
κ1κ2
vR
)
M2W1 ≃
g2
4
κ2+
(
1− (κ1κ2)
2
κ2+v
2
R
)
, M2W2 ≃
g2v2R
2
,
M2Z1 ≃
g2κ2+
4 cos2ΘW
(
1− cos
2 2ΘWκ
2
+
2 cos4ΘW v2R
)
, M2Z2 ≃
v2Rg
2 cos2ΘW
cos 2ΘW
, sin 2φ ≃ −κ
2
+ (cos 2ΘW )
3
2
2v2R cos
4ΘW
. (42)
2.2.1.2 Fermions.
a. Quarks. The most general Yukawa interaction for quarks is given by Eq.(14). After SSB the mass Lagrangian
is
Lqmass = −U¯ ′LMuU ′R − D¯′LMdD′R + h.c. , (43)
where
Mu =
1√
2
(
hqκ1 + h˜qκ2
)
, Md =
1√
2
(
h˜qκ1 + hqκ2
)
, (44)
and U ′L,R, D
′
L,R are three dimensional vectors built of the weak quark fields (e.g. U¯
′
L = (u¯
′
Lc¯
′
Lt¯
′
L)).
In the considered model κ1 and κ2 are real, thus from relation Eq.(44) follows that quark mass matrices are
hermitian
Mu =M
†
u, Md =M
†
d . (45)
These matrices are diagonalized by a biunitary transformation
U ′L,R = V
u
L,RUL,R, D
′
L,R = V
d
L,RDL,R, (46)
and
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V u†L MuV
u
R = diag(mu, mc, mt), (47)
V d†L MdV
d
R = diag(md, ms, mc).
If all diagonal mass matrix elements are positive after the unitary transformation
V iL = V
i
R for i = u, d , (48)
the Manifest Left-Right Symmetric model (MLRS) is realized [51]. If after the unitary transformation some masses
are negative, then to make them positive we must modify Eq.(48), namely
V
(i)
R = V
(i)
L W
(i) for i = u, d, (49)
where W (i) = diag
(
ε
(i)
1 , ε
(i)
2 , ε
(i)
3
)
and ε
(i)
k = +1 if mk > 0 and ε
(i)
k = −1 for mk < 0. We refer to the relation
Eq.(49) as Quasi Manifest L-R Symmetry (QMLRS) [51].
b. Leptons. The Yukawa interaction for leptons is more complicated. Leptons have both Dirac and Majorana
Yukawa couplings. The most general Lagrangian invariant under the gauge transformation (Eqs.(5),(13),(17)) and
the discrete L-R symmetry operation (Eq.(20 - 24)) is [51]
LleptonY ukawa = −
{
L¯L
[
hlφ+ h˜lφ˜
]
LR + h.c.
}
− L¯cRΣLhMLL − L¯cLΣRhMLR + h.c. , (50)
where
ΣL,R = iτ2∆L,R =
(
δ0L,R −δ+L,R
√
2
−δ+L,R
√
2 −δ++L,R
)
, (51)
and the 3 × 3 complex matrix hM is symmetric (hM = hTM ). After SSB, the neutrino and charged lepton mass
Lagrangians are obtained
Lνmass = −
1
2
(n¯′cLMνn
′
R + n¯
′c
RM
∗
νn
′
L) , n
′
R =
(
ν′cR
ν′R
)
, n′L =
(
ν′L
ν′cL
)
, ν′cL,R = Cν¯
′T
R,L, (52)
Llmass = −l¯′LMll′R − l¯′RM †l l′L, (53)
where ν′L,R (l
′
L,R) are three dimensional vectors constructed from neutrino (charged lepton) fields and
Mν =
(
0 MD
MTD MR
)
=MTν , MD =
1√
2
(
hlκ1 + h˜lκ2
)
=M †D, (54)
MR =
√
2hMvR =M
T
R , Ml =
1√
2
(
hlκ2 + h˜lκ1
)
=M †l . (55)
To find the neutrino and charged lepton mass eigenstates a unitary transformation must be performed
n′R = V NR, n
′
L = V
∗NL, l′L,R = V
l
L,RlL,R, (56)
where V
(
V lL,R
)
is unitary 6× 6 (3× 3) matrix. After the transformation one gets
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V TMνV = (Mν)diag , V
l†
L MlV
l
R = (Ml)diag, (57)
where (Mν)diag and (Ml)diag are diagonal, positive mass matrices. Similarly like in the quark sector, if V
l
R = V
l
L
and all diagonal masses (Ml)diag are positive, then Manifest L-R Symmetric model is realized. If the normal unitary
transformation with V lR = V
l
L in Eq.(57) does not give positive (Ml)diag, then the modification is necessary V
l
R = V
l
LW
l
and QMLRS model is in the game.
In the physical bases, Lagrangian (Eq.52, 53) is given by
Lleptonmass = −
1
2
N¯ (Mν)diag N − l¯(Ml)diagl, (58)
where
N = NR +NL = N
c, l = lL + lR. (59)
c. CP symmetry. In the model which we consider (MLRS or QMLRS) any CP violating phase can appear only
in the quark and lepton mass matrices. The CP symmetry violation or conservation depends on the specific form of
the Mu and Md for quarks or Ml andMν for leptons. If they are real the CP symmetry is conserved, but even if they
are complex the CP symmetry can still be satisfied. This is so because we can perform a unitary transformation on
the fermion fields without changing the physical observables but redefine the mass matrices. If there exist quark and
lepton bases in which the mass matrices are real the CP is conserved. And opposite, if in any weak base the mass
matrices are complex the CP symmetry is violated. In the quark sector this condition is equivalent to existence of a
unitary and symmetric matrix Vq such that
V †q MuVq =M
∗
u , V
†
q MdVq =M
∗
d . (60)
This condition means that in the weak base where one of the mass matrices (e.q. Md ) is diagonal the other has
phase structure (for details see e.g. [32])
(Mu)ij = |(Mu)ij | exp
[
i
(
δi − δj
2
)]
. (61)
For n generation in the hermitian matrix Mu only
n(n−1)
2 − n+ 1 = n
2−3n+2
2 phases do not satisfy the condition
( 61 ). This means that in the MLRS or QMLRS model in the quark sector for three generation only one phase breaks
CP symmetry. (for two generation CP is conserved).
In the lepton sector the CP symmetry is satisfied if there is a unitary symmetric matrix Vl such that
V †l MlVl =M
∗
l , V
†
l MDVl =M
∗
D, (62)
and
V Tl MRVl =M
∗
R. (63)
13
Then from Eqs. (62) and (63) it follows that in the base where Ml is diagonal the MD and MR matrices have the
phase structure ( see Ref. [33] )
(MD)ij = |(MD)ij | exp
[
i
(
χi − χj
2
)]
, (MR)ij = |(MR)ij | exp
[
−i
(
χi + χj
2
)]
. (64)
This means that all phases in the hermitian matrixMD and symmetric matrixMR which do not satisfy the condition
( 64 ) break the CP symmetry. There are n(n−1)2 +
n(n+1)
2 − n = n(n − 1) such phases. For n = 3 generation there
are 6 phases which cause the CP symmetry violation.
2.2.1.3 Higgs particles.
The Higgs sector is described by 20 degrees of freedom (8 real fields for bidoublet and 6 × 2 degrees of freedom
for two triplets). After spontaneous symmetry breaking in the Higgs potential bilinear terms appear which form the
mass matrices for Higgs particles. The precise form of these matrices are given in Ref. [51], [63]. To get the physical
Higgs particles, the mass matrices have to be diagonalized. The initial 20 degrees of freedom give two charged G±L,R
and two neutral G˜01,2 Goldstone bosons and 14 physical particles. These physical degrees of freedom produce:
(i) four neutral scalars with JPC = 0++
(
H0i i = 0, 1, 2, 3
)
,
(ii) two neutral pseudoscalars with JPC = 0+−
(
A0i i = 1, 2
)
,
(iii) two singly charged bosons
(
H±i i = 1, 2
)
, and
(iv) two doubly charged Higgs particles
(
δ±±L , δ
±±
R
)
.
(i) Four neutral scalars. The masses of H00 , H
0
1 and H
0
2 fields are obtained from the mass matrix which in the
basis
(
φor− , φ
or
+ , δ
or
R
) ≡ [√2
κ+
Re
(
κ1φ
0
1 + κ2φ
0∗
2
)
,
√
2
κ+
Re
(
κ1φ
0∗
2 − κ1φ01
)
,
√
2Reδ0R
]
(65)
has the following elements
(
ε = 2κ1κ2
κ2
+
)
M11 = 2κ
2
+
[
λ1 + ε
2 (2λ2 + λ3) + 2λ4ε
]
,
M12 =M21 = 2κ
2
+
√
1− ε2 (2λ2 + λ3 + λ4) ,
M13 =M31 =
1
2
κ+vR
[
2α1 + 2α2ε+ α3
(
1−
√
1− ε2
)]
,
M22 = 2 (2λ2 + λ3)κ
2
+
(
1− ε2)+ 1
2
α3v
2
R
1√
1− ε2 ,
M23 =M32 =
1
2
κ+vR
[
4α2
√
1− ε2 + α3ε
]
,
M23 = 2ρ1v
2
R.
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(66)
This mass matrix is diagonalized by the orthogonal transformation φor−φor+
δorR
 =
 a0 a1 a2b0 b1 b2
c0 c1 c2
 H00H01
H02
 . (67)
We will not present the precise results. However,if vR >> κ+, we can find approximately that H
0
0 ≃ φor− , H01 ≃ φor+
and H02 ≃ δorR with the masses
M2H0
0
≃ 2κ2+
[
λ1 + ε
2 (2λ1 + λ3) + 2λ4ε
]
, (68)
M2H0
1
≃ 1
2
α3v
2
R
1√
1− ε2 ,
M2H0
2
≃ 2ρ1v2R.
The fourth Higgs particle H03 is the real part of the δ
0
L field
H03 =
√
2Re(δ0L), (69)
and has the mass
M2H0
3
=
1
2
v2R (ρ3 − 2ρ1) . (70)
(ii) Two neutral pseudoscalars. Without any approximation the masses of two pseudoscalars A01 and A
0
2 are
given by
M2A0
1
=
1
2
α3v
2
R
1√
1− ε2 − 2κ
2
+ (2λ2 − λ3) , (71)
M2A0
2
=
1
2
v2R (ρ3 − 2ρ1) .
(iii) Two singly charged Higgs particles. The masses of the H±i (i = 1, 2) are obtained by diagonalization
of a 2× 2 mass matrix. The result is
M2
H±
1
=
1
2
v2R (ρ3 − 2ρ1) +
1
4
α3κ
2
+
√
1− ε2, (72)
M2
H±
2
=
1
2
α3
[
v2R
1√
1− ε2 +
1
2
κ2+
√
1− ε2
]
.
(iv) Two doubly charged Higgs particles. They are simply components of Higgs triplets and
M2
δ±±
L
=
1
2
[
v2R (ρ3 − 2ρ1) + α3κ2+
√
1− ε2
]
, (73)
M2
δ±±
R
= 2ρ2v
2
R +
1
2
α3κ
2
+
√
1− ε2.
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The relations among non physical Higgs particles and the physical ones and Goldstone bosons are given by
(κ− =
√
κ21 − κ22):
φ01 =
1√
2κ+
[
H00 (κ1a0 − κ2b0) +H01 (κ1a1 − κ2b1) +H02 (κ1a2 − κ2b2) + iκ1G˜01 − iκ2A01
]
,
φ02 =
1√
2κ+
[
H00 (κ2a0 + κ1b0) +H
0
1 (κ2a1 + κ1b1) +H
0
2 (κ2a2 + κ1b2)− iκ2G˜01 − iκ1A01
]
,
δ0L =
1√
2
(
H03 + iA
0
2
)
,
δ0R =
1√
2
(
c0H
0
0 + c1H
0
1 + c2H
0
2 + iG˜
0
2
)
,
φ+1 =
κ1
κ+
√
1 +
(
κ2
−√
2κ+vR
)2H+2 − κ1
κ+
√
1 +
(√
2κ+vR
κ2
−
)2G+R − κ2κ+G+L ≡ a12H+2 + a1RG+R + a1LG+L ,
φ+2 =
κ2
κ+
√
1 +
(
κ2
−√
2κ+vR
)2H+2 − κ2
κ+
√
1 +
(√
2κ+vR
κ2
−
)2G+R + κ1κ+G+L ≡ a22H+2 + a2RG+R + a2LG+L ,
δ+L = H
+
1 ,
δ+R =
1√
1 +
(
κ2
−√
2κ+vR
)2G+R + 1√
1 +
(√
2κ+vR
κ2
−
)2H+2 ≡ aRRG+R + aR2H+2 . (74)
The doubly charged Higgs bosons δ±±L,R are already physical. Combinations of the Goldstone bosons G
±
L,R and
G˜01,2 are absorbed by W
±
L,R and Z1,2 respectively. Through this mechanism gauge bosons become massive. In the
approximation vR >> κ+ the relations between physical and unphysical Higgs particles become much simpler. They
are:
φ01 ≃
1
κ+
√
2
[
κ1H
0
0 − κ2H01 + iκ1G˜01 − iκ2A01
]
, (75)
φ02 ≃
1
κ+
√
2
[
κ2H
0
0 + κ1H
0
1 − iκ2G˜01 − iκ1A01
]
, (76)
δ0R =
1√
2
(
H02 + iG
0
2
)
, (77)
φ+1 ≃
κ1
κ+
H+2 −
κ2
κ+
G+L , (78)
φ+2 ≃
κ2
κ+
H+2 +
κ1
κ+
G+L , (79)
δ+R ≃ G+R. (80)
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2.2.2 Interactions among physical fields.
2.2.2.1 Gauge boson - fermion interactions.
The charged and neutral current interactions for fermions are obtained from Eq.(9). For quarks the charged current
interaction is equal
L
(q)
CC =
g√
2
(
U¯γµ
(
PL cos ξU
CKM
L − PR sin ξUCKMR
)
DW+1µ + U¯γ
µ
(
PL sin ξU
CKM
L + PR cos ξU
CKM
R
)
DW+2µ
)
+ h.c. ,
(81)
where U = UL + UR, D = DL + DR are the quark eigenmass states (Eq.(46)) and the Cabibbo - Kobayashi -
Maskawa (CKM) matrices are given by
UCKML = V
u†
L V
d
L , U
CKM
R = V
u†
R V
d
R . (82)
From Eq.(48) it follows that in the MLRS the CKM mixing matrices for left - and right - handed quarks are equal
UCKMR = U
CKM
L , (83)
and in agreement with Eq.(49), for QMLRS model(
UCKMR
)
ij
= ± (UCKML )ij . (84)
The neutral current interaction for quarks is given by
L
(q)
NC =
e
2 sinΘW cosΘW
∑
i=up, down,
∑
j=1,2
ψ¯iγ
µ
[
AjiLPL +A
ji
RPR
]
ψiZjµ + e
∑
i=up, down
Qiψ¯iγ
µψiAµ . (85)
The left and right handed couplings A1,2; iL,R (i = up or down) are the following
A1iL = cosφ g
i
L + sinφ g
′i
L, (86)
A1iR = cosφ g
i
R + sinφ g
′i
R, (87)
A2iL = sinφ g
i
L − cosφ g′iL, (88)
A2iR = sinφ g
i
R − cosφ g′iR, (89)
where
giL = 2T
L
3i − 2Qi sin2Θ, (90)
g′iL =
2 sin2Θ√
cos 2Θ
(
Qi − TL3i
)
, (91)
giR = −2Qi sin2Θ, (92)
g′iR =
2√
cos 2Θ
(
Qi sin
2Θ− TR3i cos2Θ
)
. (93)
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For leptons the charged current interaction is given by
L
(l)
CC =
g√
2
(
N¯γµ (PL cos ξKL − PR sin ξKR) lW+1µ + N¯γµ (PL sin ξKL + PR cos ξKR) lW+2µ
)
+ h.c. , (94)
where KL (KR) are 6× 3 mixing matrices
KL = V
ν†
L V
l
L, KR = V
ν†
R V
l
R. (95)
The matrices V lL,R are given by Eq.(56) and Eq.(57), the 6× 3 matrices V ν†L,R are defined by the V matrix
(Eq.(56), Eq.(57)) in the way
V =
(
V ν∗L
V νR
)
. (96)
The charged leptons and neutrino neutral current interactions are
L
(l)
NC =
e
2 sinΘW cosΘW
[Jµ1 Z1µ + J
µ
2 Z2µ] + eJ
µ
EMAµ , (97)
where
Jµi =
∑
charged leptons
l¯γµ
[
AilLPL +A
il
RPR
]
l +
∑
neutrinos
N¯γµ
[
AiνL ΩLPL +A
iν
RΩRPR
]
N, (98)
and
JµEM = −
∑
charged leptons
l¯γµl. (99)
The 6× 6 mixing matrices ΩL,R are defined in the way
ΩL = V
ν†
L V
ν
L = Ω
†
L, ΩR = V
ν†
R V
ν
R = Ω
†
R. (100)
The couplings A1,2:iL,R (i = ν or l) are given by the same formula as for quarks (Eqs.(86-93)) where we have only put:
Qν = 0, T
L,R
3ν = +
1
2 for neutrinos and Ql = −1, TL,R3l = − 12 for charged leptons.
The mixing matrices satisfy a few constrains which are useful in future applications. From the relation V V † = I6×6
it follows that
V νLV
ν†
L = V
ν
RV
ν†
R = I3×3, V
ν
RV
νT
L = 0. (101)
Then, from the definition of KL,R matrices we have
K†LKL = K
†
RKR = I3×3, K
T
LKR = K
T
RKL = 0, (102)
and
KLK
†
L = ΩL, KRK
†
R = ΩR. (103)
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From the relations Eq.(101) and (102) there is also
KTRΩL = K
T
LΩR = ΩLΩ
T
R = 0, (104)
and
ΩLKL = KL, ΩRKR = KR. (105)
From the relation V †V = I6×6 we have
Ω∗L +ΩR = I6×6. (106)
The relation V TMνV = (Mν)diag gives
V ν†L MDV
ν
R +
(
V ν†L MDV
ν
R
)T
+ V νTR MRV
ν
R = (Mν)diag . (107)
But from Mν = V
∗ (Mν)diag V
† it follows
V νL (Mν)diag V
νT
L = 0, (108)
V νL (Mν)diag V
ν†
R =MD, (109)
V νR (Mν)diag V
νT
R =M
∗
R. (110)
From Eq.(108) three other relations follow
ΩL (Mν)diag Ω
∗
L = ΩL (Mν)diagK
∗
L = K
†
L (Mν)diagK
∗
L = 0 (111)
All the above relations are useful when studying leptons - Higgs particles couplings, and give the possibility to
express unphysical couplings by masses (Mν)diag and elements of mixing matrices KL,R, ΩL,R.
2.2.2.2 Three and four gauge particles interactions.
The structure of three and four gauge couplings is very similar to the analogous couplings in the SM. There are only
different factors. To get the coupling for physical gauge particles we use the Lagrangian Eq.(10) where we introduce
the physical fields W±i , Zi (i = 1, 2) and A (Eqs.(37),(38)). For three gauge boson interactions we obtained:
L3g =
{−ig (∂xγ gνδ − ∂xδ gνγ − ∂yνgγδ + ∂yδ gνγ + ∂zνgγδ − ∂zγgνδ) [(y1 sin2 ξ + x1 cos2 ξ) (W−ν1 (x)W+γ1 (y)Zδ1(z))
+
(
y2 sin
2 ξ + x2 cos
2 ξ
) (
W−ν1 (x)W
+γ
1 (y)Z
δ
2(z)
)
+ x3
(
W−ν1 (x)W
+γ
1 (y)A
δ(z)
)
+
(
y1 cos
2 ξ + x1 sin
2 ξ
) (
W−ν2 (x)W
+γ
2 (y)Z
δ
1(z)
)
+
(
y2 cos
2 ξ + x2 sin
2 ξ
) (
W−ν2 (x)W
+γ
2 (y)Z
δ
2(z)
)
+ x3
(
W−ν2 (x)W
+γ
2 (y)A
δ(z)
)
+ ((x1 − y1) cos ξ sin ξ)
(
W−ν1 (x)W
+γ
2 (y)Z
δ
1(z) +W
−ν
2 (x)W
+γ
1 (y)Z
δ
1 (z)
)
+ ((x2 − y2) cos ξ sin ξ)
(
W−ν1 (x)W
+γ
2 (y)Z
δ
2 (z) +W
−ν
2 (x)W
+γ
1 (y)Z
δ
2(z)
)]} |x=y=z . (112)
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The four gauge bosons interactions can be given in the comprehensive form:
L4g = − g2 (2gµνgγδ − gµγgνδ − gµδgνγ)
{
1
2
[(
y21 sin
2 ξ + x21 cos
2 ξ
) (
W−µ1 W
+ν
1 Z
γ
1Z
δ
1
)
+
(
y22 sin
2 ξ + x22 cos
2 ξ
) (
W−µ1 W
+ν
1 Z
γ
2Z
δ
2
)
+ x23
(
W−µ1 W
+ν
1 A
γAδ
)
+
(
y21 cos
2 ξ + x21 sin
2 ξ
) (
W−µ2 W
+ν
2 Z
γ
1Z
δ
1
)
+
(
y22 cos
2 ξ + x22 sin
2 ξ
) (
W−µ2 W
+ν
2 Z
γ
2Z
δ
2
)
+ x23
(
W−µ2 W
+ν
2 A
γAδ
)
+
(
(x21 − y21) cos ξ sin ξ
) (
W−µ1 W
+ν
2 Z
γ
1Z
δ
1 +W
−µ
2 W
+ν
1 Z
γ
1Z
δ
1
)
+
(
(x22 − y22) cos ξ sin ξ
) (
W−µ1 W
+ν
2 Z
γ
2Z
δ
2 +W
−µ
2 W
+ν
1 Z
γ
2Z
δ
2
)]
+
(
y1y2 sin
2 ξ + x1x2 cos
2 ξ
) (
W−µ1 W
+ν
1 Z
γ
1Z
δ
2
)
+
(
y1y3 sin
2 ξ + x1x3 cos
2 ξ
) (
W−µ1 W
+ν
1 Z
γ
1A
δ
)
+
(
y2y3 sin
2 ξ + x2x3 cos
2 ξ
) (
W−µ1 W
+ν
1 Z
γ
2A
δ
)
+
(
y1y2 cos
2 ξ + x1x2 sin
2 ξ
) (
W−µ2 W
+ν
2 Z
γ
1Z
δ
2
)
+
(
y1y3 cos
2 ξ + x1x3 sin
2 ξ
) (
W−µ2 W
+ν
2 Z
γ
1A
δ
)
+
(
y2y3 cos
2 ξ + x2x3 sin
2 ξ
) (
W−µ2 W
+ν
2 Z
γ
2A
δ
)
+ ((x1x2 − y1y2) cos ξ sin ξ)
(
W−µ1 W
+ν
2 Z
γ
1Z
δ
2 +W
−µ
2 W
+ν
1 Z
γ
1Z
δ
2
)
+ ((x1x3 − y1y3) cos ξ sin ξ)
(
W−µ1 W
+ν
2 Z
γ
1A
δ +W−µ2 W
+ν
1 Z
γ
1A
δ
)
+ ((x2x3 − y2y3) cos ξ sin ξ)
(
W−µ1 W
+ν
2 Z
γ
2A
δ +W−µ2 W
+ν
1 Z
γ
2A
δ
)
− 1
2
[
1
2
(
sin4 ξ + cos4 ξ
) (
W−µ1 W
−ν
1 W
+γ
1 W
+δ
1 +W
−µ
2 W
−ν
2 W
+γ
2 W
+δ
2
)
+
(− sin3 ξ cos ξ + cos3 ξ sin ξ) (W−µ1 W−ν1 W+γ1 W+δ2 +W−µ1 W−ν2 W+γ1 W+δ1 )
+
(− cos3 ξ sin ξ + sin3 ξ cos ξ) (W−µ2 W−ν2 W+γ2 W+δ1 +W−µ2 W−ν1 W+γ2 W+δ2 )
+ sin2 ξ cos2 ξ
(
W−µ2 W
−ν
2 W
+γ
1 W
+δ
1 +W
−µ
1 W
−ν
1 W
+γ
2 W
+δ
2
)]− 2 sin2 ξ cos2 ξ W−µ1 W−ν2 W+γ2 W+δ1 }. (113)
2.2.2.3 Fermion - scalar boson interactions.
The fermion - Higgs particles interactions are given by Lagrangian Eq.(14) for quarks and Eq.(50) for leptons. We
have to express the weak fields by the physical ones and the Yukawa couplings by fermion masses and CKM mixing
matrices elements. For quark - Higgs particles couplings we have
−
∑
i,j
Q¯iL
(
(hq)ijφ+ (h˜q)ij φ˜
)
QjR + h.c. = L
q
mass + Lquark−Higgs , (114)
where Lqmass is given by Eq.(43), and
Lquark−Higgs(u, d) = − U¯
[
PL
(
MudiagB
∗
0 + U
CKM
R M
d
diagU
CKM†
L A0
)
+ PR
(
MudiagB0 + U
CKM
L M
d
diagU
CKM†
R A
∗
0
)]
U
− D¯
[
PL
(
MddiagB0 + U
CKM†
R M
u
diagU
CKM
L A
∗
0
)
+ PR
(
MddiagB
∗
0 + U
CKM†
L M
u
diagU
CKM
R A0
)]
D
20
− U¯ [PL (MudiagUCKML B+ − UCKMR MddiagA+)
+ PR
(
MudiagU
CKM
R A
+ − UCKML MddiagB+
)]
D
− D¯
[
PL
(
UCKM†R M
u
diagA
− −MddiagUCKM†L B−
)
+ PR
(
UCKM†L M
u
diagB
− −MddiagUCKM†R A−
)]
U. (115)
The A0, B0, A
± and B± are combinations of physical Higgs fields and Goldstone bosons:
A0 =
√
2
κ2−
(
κ1φ
0
2 − κ2φ0∗1
)
=
κ+
κ2−
(
H00 b0 +H
0
1 b1 +H
0
2 b2 − iA01
)
,
B0 =
√
2
κ2−
(
κ1φ
0
1 − κ2φ0∗2
)
=
1
κ2−κ+
[
H00
(
a0κ
2
− − 2κ1κ2b0
)
+H01
(
a1κ
2
− − 2κ1κ2b1
)
+H02
(
a2κ
2
− − 2κ1κ2b2
)
+ iκ2−G˜
0
1 − i2κ1κ2A01
]
,
A± =
√
2
κ2−
(
κ1φ
±
1 + κ2φ
±
2
)
=
[
4κ4+v
2
R
κ4−
(
2κ2+v
2
R + κ
4
−
)] 12 H±2 − [ 2κ2+κ4− + 2κ2+v2R
] 1
2
G±R,
B± =
√
2
κ2−
(
κ2φ
±
1 + κ1φ
±
2
)
=
4κ1κ2vR
κ2−
√
2κ2+v
2
R + κ
4
−
H±2 −
2
√
2κ1κ2
κ+
√
2κ2+v
2
R + κ
4
−
G±R +
√
2
κ+
G±L . (116)
For lepton - Higgs particle couplings there is
−
{
L¯L
[
hlφ+ h˜lφ˜
]
LR + h.c.
}
− L¯cRΣLhMLL − L¯cLΣRhMLR = Lνmass + Llmass + Llepton−Higgs, (117)
where Lνmass (L
l
mass) are given by Eq.(52), (Eq.(53)) and
Llepton−Higgs = − ν¯′L
(
hlφ
0
1 + h˜lφ
0
2
∗)
ν′R − ν¯′L
(
hlφ
+
1 − h˜lφ+2
)
l′R − l¯′L
(
hlφ
−
2 − h˜lφ−1
)
ν′R − l¯′L
(
hlφ
0
2 + h˜lφ
0
1
∗)
l′R
− δ0Lν¯′cRhMν′L +
δ+L√
2
(
ν¯′cRhM l
′
L + l¯
′c
RhMν
′
L
)
+ δ++L l¯
′c
RhM l
′
L
− δ0Rν¯′cLhMν′R +
δ+R√
2
(
ν¯′cLhM l
′
R + l¯
′c
LhMν
′
R
)
+ δ++R l¯
′c
LhM l
′
R + h.c. . (118)
Now in each term we can introduce the physical fields and the physical parameters.
For two Majorana neutrinos - neutral Higgs particle interaction we have:
ν¯′L
(
hlφ
0
1 + h˜lφ
0
2
∗)
ν′R + h.c. =∑
a
N¯a
{[
(ΩL)aam
N
a B0 +
∑
l
(KL)al (K
∗
R)almlA
∗
0
]
PR +
[
mNa (ΩL)aaB
∗
0 +
∑
l
(K∗L)al (KR)almlA0
]
PL
}
Na
+
∑
a>b, c
N¯a
{[(
(ΩL)acm
N
c (ΩR)cb + (ΩL)bcm
N
c (ΩR)ca
)
B0 +
∑
l
ml ((KL)al (K
∗
R)bl + (KL)bl (K
∗
R)al)A
∗
0
]
PR
+
[(
(ΩL)acm
N
c (ΩR)cb + (ΩL)bcm
N
c (ΩR)ca
)
B∗0 +
∑
l
ml ((K
∗
L)bl (KR)al + (K
∗
L)al (KR)bl)A0
]
PL
}
Nb, (119)
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δ0Rν¯
′c
LhMν
′
R + h.c. =
1
2vR
∑
a
N¯a
(∑
c
mNc
[
(ΩR)
2
ca PRδ
0
R + (Ω
∗
R)
2
ca PLδ
0
R
∗])
Na
+
1
vR
∑
a>b
N¯a
(∑
c
mNc
[
(ΩR)cb (ΩR)ca PRδ
0
R + (Ω
∗
R)cb (Ω
∗
R)ca PLδ
0
R
∗])
Nb, (120)
and
δ0Lν¯
′c
RhMν
′
L + h.c. =
1√
2vR
∑
a
N¯a
[
Xaaδ
0
LPL +X
∗
aaδ
0
L
∗
PR
]
Na +
√
2
vR
∑
a>b
N¯a
[
Xabδ
0
LPL +X
∗
abδ
0
L
∗
PR
]
Nb, (121)
where the 6× 6 matrix X is given by
X =
(
K∗LW
lKTR
)
(Mν)diag
(
KRW
lK+L
)
= XT . (122)
Majorana neutrinos interact with charged leptons and charged Higgs particles in the way:
ν¯′L
(
hlφ
+
1 − h˜lφ+2
)
l′R + l¯
′
L
(
hlφ
−
2 − h˜lφ−1
)
ν′R + h.c. =∑
a,l
N¯a
{[∑
b
(ΩL)abm
N
b (KR)bl A
+ − (KL)almlB+
]
PR +
[
mNa (KL)alB
+ − (KR)almlA+
]
PL
}
ll
+
∑
a,l
l¯l
{[∑
b
(
K†R
)
lb
mNb (ΩL)ba A
− −ml
(
K†L
)
la
B−
]
PL +
[(
K†L
)
la
mNa B
− −ml
(
K†R
)
la
A−
]
PR
}
Na,
(123)
δ+R√
2
(
ν¯′cLhM l
′
R + l¯
′c
LhMν
′
R
)
+ h.c. =
1
vR
∑
a,l
{
N¯a
[∑
b
(Ω∗R)abm
N
b (KR)bl
]
PRllδ
+
R
+ l¯l
[∑
b
(
K†R
)
lb
mNb (Ω
∗
R)ba
]
PLNaδ
−
R
}
, (124)
and
δ+L√
2
(
ν¯
′c
RhM l
′
L + l¯
′c
RhMν
′
L
)
+ h.c. =
1
vR
∑
a,l
{
δ+L
[
N¯a (XKL)al PLll
]
+ δ−L
[
l¯l
(
K+LX
∗)
la
PRNa
]}
. (125)
Finally, two charged leptons interact with neutral Higgs particles:
l¯′L
(
hlφ
0
2 + h˜lφ
0
1
∗)
l′R + h.c. =∑
l,k l¯l
{[
δlkmlB
∗
0 +
∑
a
(K∗L)al (KR)akm
N
a A0
]
PR +
[
δlkmlB0 +
∑
a
(KL)ak (K
∗
R)alm
N
a A
∗
0
]
PL
}
lk, (126)
and doubly charged Higgs particles
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δ++R l¯
′c
LhM l
′
R + h.c. =
1√
2vR
∑
l,k
{
δ++R
[
lTl C
(
KTR (Mν)diagKR
)
lk
PRlk
]
+ δ−−R
[
l¯l
(
K+R (Mν)diagK
∗
R
)
lk
PLCl¯
T
k
]}
, (127)
δ++L l¯
′c
RhM l
′
L + h.c. =
1√
2vR
∑
l,k
{
δ++L
[
lTk C
(
KTLXK
∗
L
)
kl
PLll
]
+ δ−−L
[
l¯k
(
KTLX
∗K∗L
)
kl
PRCl¯
T
l
]}
. (128)
2.2.2.4 Gauge bosons - Higgs particles interactions.
The interactions among gauge bosons W±i , Zi, A (i = 1, 2) and Higgs particles H
0
i ,
(i = 0, 1, 2, 3) A0k, A
±
k , (i = 1, 2), δ
±±
L,R together with Goldstone bosons are given by the Lagrangian L
kin
Higgs (Eq.(18)).
After SSB (Eq.(26)) we obtain
LkinHiggs = L
(2)
Higgs + L
gauge
Higgs. (129)
The Lagrangian L
(2)
Higgs contains four components:
L
(2)
Higgs = L
kin
H + L
kin
GB + Lbilinear + LM . (130)
The LkinH term is the kinetic energy for Higgs particles
LkinH =
1
2
3∑
i=0
(
∂µH0i
) (
∂µH
0
i
)
+
1
2
2∑
i=0
(
∂µA0i
) (
∂µA
0
i
)
+
2∑
i=1
(
∂µH+i
) (
∂µH
−
i
)
+
(
∂µδ++L
) (
∂µδ
−−
L
)
+
(
∂µδ++R
) (
∂µδ
−−
R
)
, (131)
and
LkinGB =
(
∂µG+L
) (
∂µG
−
L
)
+
(
∂µG+R
) (
∂µG
−
R
)
+
1
2
(
∂µG˜01
)(
∂µG˜
0
1
)
+
1
2
(
∂µG˜02
)(
∂µG˜
0
2
)
(132)
is the kinetic energy for Goldstone bosons. LM is the mass Lagrangian of the Gauge bosons (Eq.(34)). Lbilinear
contains bilinear terms between Gauge and Higgs particles and is given by
Lbilinear =
ig
2
√
2
[
κ1∂
µ
(
φ01 − φ0∗1
)− κ2∂µ (φ02 − φ0∗2 )] [W3Lµ −W3Rµ]
+
ig
2
{[
κ1
(
∂µφ−2
)− κ2 (∂µφ−1 )]W+Lµ + [κ2 (∂µφ+1 )− κ1 (∂µφ+2 )]W−Lµ}
+
ig
2
{[
κ1
(
∂µφ−1
)− κ2 (∂µφ−2 )]W+Rµ + [κ2 (∂µφ+2 )− κ1 (∂µφ+1 )]W−Rµ}
+ ig
vR√
2
{(
∂µδ+R
)
W−Rµ −
(
∂µδ−R
)
W+Rµ
}
+ i
vR√
2
{
∂µ
[(
δ0∗R
)− (δ0R)] (gW3Rµ − g′Bµ)} . (133)
The gauge fixing Lagrangian (see next Chapter) will be chosen to cancel the Lbilinear which complicates the
calculation of Higgs particle propagators.
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The remaining part LgaugeHiggs describes the interactions among gauge bosons and Higgs particles. The number of
couplings is large. There are 324 couplings among four bosons. We do not give all the couplings here explicitly.
Here we describe the procedure by which all couplings can be obtained. We divide the LgaugeHiggs terms into triple and
quadruple couplings
LgaugeHiggs = L
(III) + L(IV ). (134)
III A. Three bosons coupling with one Higgs particle. There are 21 different couplings between two gauge
and one charged Higgs (Goldstone) particles which are obtained from the Lagrangian
g2
2
{[
φ−1 κ2 − φ−2 κ1
]
Wµ3RW
+
Lµ +
[
φ−2 κ2 − φ−1 κ1
]
Wµ3LW
+
Rµ
}
+
√
2gvRW
+
Rµδ
−
R
[
g′Bµ − 1
2
gWµ3R
]
− g
2vR√
2
W+RµW
µ+δ−−R + h.c. . (135)
There are 20 couplings with two gauge bosons and one neutral Higgs particle. They are obtained from the Lagrangian
g2
4
√
2
[
φ01κ1 + φ
0
2κ2
]
(W3Lµ −W3Rµ) (Wµ3L −Wµ3R) +
vR√
2
δ0R (gW3Rµ − g′Bµ) (gWµ3R − g′Bµ) + h.c. (136)
and
g2
2
√
2
[
φ01κ1 + φ
0
2κ2
] (
W+LµW
−µ
L +W
+
RµW
−µ
R
)
− g
2
√
2
[
φ01κ2 + φ
0∗
2 κ1
]
W−µL W
+µ
R
+
g2vR√
2
δ0RW
+
RµW
−µ
R + h.c. . (137)
It is worth to stress that the combinations W3Lµ −W3Rµ and gW3Rµ − g′Bµ do not contain the photon field. As it
should be, the photon does not couple to chargeless particles. To understand the absence of other couplings it is worth
to explore the charge conjugation symmetry C. The Gauge - Higgs particle part of the Lagrangian is C symmetric. We
set the P and C eigenvalues JPC = 1−− to gauge bosons, and 0++ or 0+− to H0i and A
0
i
(
G0i
)
scalar Higgs particles
(Goldstone bosons) respectively. Then it is easy to understand that the couplings of the type A0iZkZj, G˜
0
iZkZj and
also G˜0iW
+
k W
−
k are absent as they are not symmetric under C transformation.
III B. Couplings of one gauge boson and two Higgs (Goldstone) bosons. There are 33 couplings of one
gauge boson and two charged Higgs particles which are given by the Lagrangian
ig
2
[(
∂µφ+1
)
φ−1 −
(
∂µφ−2
)
φ+2
]
(W3Lµ +W3Rµ)− ig′
[(
∂µδ−R
)
δ+R +
(
∂µδ−L
)
δ+L
]
Bµ
− i [(∂µδ−−R ) δ++R ] (gW3Rµ + g′Bµ)− i [(∂µδ−−L ) δ++L ] (gW3Lµ + g′Bµ)
− ig [(∂µδ+R) δ−−R − (∂µδ−−R ) δ+R]W+Rµ − ig [(∂µδ+L ) δ−−L − (∂µδ−−L ) δ+L ]W+Lµ + h.c. . (138)
The other 38 couplings describe the interactions of one gauge boson with one charged and one neutral Higgs
(Goldstone) particles. They follow from the Lagrangian
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ig√
2
{(
∂µφ−2
)
φ0∗1 −
(
∂µφ−1
)
φ02 +
(
∂µφ02
)
φ−1 −
(
∂µφ0∗1
)
φ−2 −
√
2
[(
∂µδ−L
)
δ0L −
(
∂µδ0L
)
δ−L
]
W+Lµ
}
+
ig√
2
{(
∂µφ−1
)
φ01 −
(
∂µφ−2
)
φ0∗2 +
(
∂µφ0∗2
)
φ−2 −
(
∂µφ01
)
φ−1 −
√
2
[(
∂µδ−R
)
δ0R −
(
∂µδ0R
)
δ−R
]
W+Rµ
}
+ h.c. . (139)
There are 20 couplings among one gauge boson and two neutral Higgs (Goldstone) particles, given by the Lagrangian
ig
2
[(
∂µφ01
)
φ0∗1 −
(
∂µφ02
)
φ0∗2
]
(W3Lµ −W3Rµ) + i
[(
∂µδ0∗R
)
δ0R
]
(gW3Rµ − g′Bµ)
+ i
[(
∂µδ0∗L
)
δ0L
]
(gW3Lµ − g′Bµ) + h.c. . (140)
Here photon also does not couple to neutral particles. From C symmetry there are no couplings of the type H0iH
0
jZk
or G˜01A
0
1Zi.
IV. Couplings between two gauge bosons and two Higgs (Goldstone) particles. In this case we divide
all four bosons couplings into three classes with two charged scalars, one charged and one neutral and two neutral
Higgs (Goldstone) particles. All 117 couplings among two gauge bosons and two charged scalar particles are described
by the Lagrangian
g2
4
[
φ+2 φ
−
2 + φ
+
1 φ
−
1
]
(W3Lµ +W3Rµ) (W
µ
3L +W
µ
3R) + g
′2 [δ+L δ−L + δ+Rδ−R]BµBµ
+
g2
2
[
φ+2 φ
−
2 + φ
+
1 φ
−
1
] (
W−LµW
+µ
L +W
−
RµW
+µ
R
)
+ 2g2δ+Rδ
−
RW
−
RµW
+µ
R + 2g
2δ+L δ
−
LW
−
LµW
+µ
L
+
[
δ++R δ
−−
R
] [
(gW3Rµ + g
′Bµ) (gW
µ
3R + g
′Bµ) + g2W−RµW
+µ
R
]
+
[
δ++L δ
−−
L
] [
(gW3Lµ + g
′Bµ) (gW
µ
3L + g
′Bµ) + g2W−LµW
+µ
L
]
, (141)
and
− g2 [φ+2 φ+1 ]W−LµW−µR − g [δ+Rδ−−R ] (2g′Bµ + gWµ3R)W+Rµ
− g [δ+L δ−−L ] (2g′Bµ + gWµ3L)W+Lµ + h.c. . (142)
The 132 couplings among two gauge bosons and two scalars, one neutral and one charged, are given by the
Lagrangian
g2√
2
[
φ−1 φ
0
2 − φ−2 φ0∗1
]
Wµ3RW
+
Lµ +
g2√
2
[
φ−2 φ
0∗
2 − φ−1 φ01
]
Wµ3LW
+
Rµ
+ g
[
δ−Rδ
0
R
]
(2g′Bµ − gWµ3R)W+Rµ + g
[
δ−L δ
0
L
]
(2g′Bµ − gWµ3L)W+Lµ
− g2 [δ−−R δ0R]W+µR W+Rµ − g2 [δ−−L δ0L]W+µL W+Lµ + h.c. . (143)
Finally, there are 75 couplings among two gauge bosons and two neutral scalars. They are described by the
Lagrangian
g2
4
[
φ01φ
0∗
1 + φ
0
2φ
0∗
2
]
(W3Lµ −W3Rµ) (Wµ3L −Wµ3R) +
[
δ0Rδ
0∗
R
]
(gW3Rµ − g′Bµ) (gWµ3R − g′Bµ)
+
[
δ0Lδ
0∗
L
]
(gW3Lµ − g′Bµ) (gWµ3L − g′Bµ) + g2
[
δ0Lδ
0∗
L
]
W+LµW
−µ
L
+ g2
[
δ0Rδ
0∗
R
]
W+RµW
−µ
R − g2
[
φ01φ
0∗
2
]
W−LµW
+µ
R − g2
[
φ0∗1 φ
0
2
]
W+LµW
−µ
R . (144)
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From the structure of this Lagrangian it is easy to see that the photon does not take part in this interaction. From
charge conjugation invariance it follows that only couplings among two gauge particles and two scalars with the same
C parities appear. For this reason all couplings of the type H0i A
0
jZkZl or H
0
i G˜
0
jW
+
k W
−
k vanish.
2.2.2.5 Interaction among scalar bosons.
From the Higgs potential Eq.(25) we can find all couplings among Higgs and Goldstone bosons. The number of
different couplings is very large. However, in the one loop approximation for processes with light external fermions
and gauge bosons only, the knowledge of scalar particle interactions is useless. So we will not present them here. This
means that we also do not renormalize the parameters in the Higgs potential.
III Quantization of the left-right symmetric
model.
The canonical quantization of any gauge theory is not straightforward. For such theories the Lagrangian is singular
and canonical conjugate momenta do not exist. Then, it is impossible to define the Hamiltonian of the system.
The second problem is connected with the fact that gauge fields, described by four vectors, have only two degrees
of freedom. Their fields must satisfy additional conditions which disagree with the commutation relations. Finally,
gauge particle equations of motion are not reversible which causes problems with the definition of their propagators.
All these problems have been solved many years ago, first for abelian gauge theories. In the fifties, the so called gauge
fixing condition was introduced [66] and later the auxiliary hermitian scalar fields B(x) were invented [67]. For non-
abelian gauge theories the same procedure as for quantum electrodynamics can not be applied. Feynman has shown
[68] in 1963 that the physical S-matrix is not unitary. Contrary to the abelian case, contributions from the unphysical
longitudinal and scalar modes of gauge bosons to intermediate states do not cancel out. Feynman [68] and later De
Witt [69] found that the violation of unitarity can be eliminated by introducing the missing contribution to loops
from some massless scalar fermions. A clear-cut explanation why such fictitious particles have to appear was given
by Faddeev and Popov [70] from the viewpoint of path-integral formalism. Since then these fermions with strange
statistics are called Faddeev-Popov ghosts. The very important point in proving the consistency of the theory (for
quantization and also for renormalization) are relations among Green functions which follow from gauge invariance of
the theory. Such relations are known as Ward-Takahashi [71] for abelian theory and Slavnov-Taylor [72] identities in
non abelian case. Later it was shown [73] that the full Lagrangian of gauge theory, after adding the gauge fixing and
Faddeev-Popov terms, still possesses some global symmetry. This symmetry is a remnant of local gauge invariance
and is known as BRST symmetry [73]. In the same time it was proved that all Slavnov-Taylor identities can be found
from the BRST invariance of the full Lagrangian [74]. There are two different popular approaches to constructing the
quantum theory of gauge fields. The first, very fashionable approach bases on the path integral formalism. Almost
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all textbooks on the non-abelian gauge theory are based on this approach [75]. The second one is well known from
QED, the canonical quantization formalism. In the context of non-abelian gauge theories it was introduced by Kugo
and Ojima [76] and is known as operator formalism [77]. Here this approach is adopted. The left-right model is
the gauge theory with spontaneous symmetry breaking. To define the gauge fixing Lagrangian we have to remember
that as remnant of SSB some bilinear terms appear (Eq.(135)). In the next Chapter the gauge fixing Lagrangian
is introduced. The ghost particles, BRST transformations and the Faddeev - Popov Lagrangian of the theory are
considered in Chapter 3.2.
3.1 THE GAUGE FIXING LAGRANGIAN.
It was mentioned in section 2.2.2.4 that bilinear terms with gauge and Higgs particles in Lbilinear (Eq.(133))
complicate the Higgs particles propagators. They can be canceled by an appropriate choice of the gauge fixing
Lagrangian (LGF ). Using the equations (37) and (38) for gauge bosons and Eq.(74) for Higgs and Goldstone particles
the Lbilinear can be expressed in the form
Lbilinear = Z1µ
{
− gκ+
2 cosΘW
(
cosφ+
√
cos 2ΘW sinφ
)
∂µG˜01 + cotΘW (−vRg′ sinφ) ∂µG˜02
}
+ Z2µ
{
− gκ+
2 cosΘW
(
sinφ−
√
cos 2ΘW cosφ
)
∂µG˜01 + cotΘW (vRg
′ cosφ) ∂µG˜02
}
+ igW+1µ

(
κ+
2
cos ξ +
κ1κ2
κ+
sin ξ
)
∂µG−L +

√
κ4− + 2v
2
Rκ
2
+
2κ+
sin ξ
 ∂µG−R
+ h.c.
+ igW+2µ

(
κ+
2
sin ξ − κ1κ2
κ+
cos ξ
)
∂µG−L +
−
√
κ4− + 2v
2
Rκ
2
+
2κ+
cos ξ
 ∂µG−R
+ h.c. .
(145)
Now we can introduce the gauge fixing Lagrangian
LGF = − 1
ξW1
| ∂µW+1µ + iξW1MW1G+1 |2 −
1
ξW2
| ∂µW+2µ + iξW2MW2G+2 |2
− 1
2ξZ1
(
∂µZ1µ − ξZ1MZ1G01
)2 − 1
2ξZ2
(
∂µZ2µ − ξZ2MZ2G02
)2 − 1
2ξA
(∂µAµ)
2
. (146)
It is easy to check that the following terms which are present in Eq.(146)
iMW1
[(
∂µW+1µ
)
G−1
]
+ iMW2
[(
∂µW+2µ
)
G−2
]
+ h.c.
+MZ1
[
(∂µZ1µ)G
0
1
]
+MZ2
[
(∂µZ2µ)G
0
2
]
(147)
cancel Lbilinear in Eq.(145) if the following Goldstone particles transformations are made G±1
G±2
 ≡
 cosψc − sinψc
sinψc cosψc
 G±R
G±L
 , (148)
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cosψc =
g
2MW1κ+
√
κ2− + 2v
2
Rκ
2
+ sin ξ,
sinψc = − g
2MW1κ+
(
κ2+ cos ξ + 2κ1κ2 sin ξ
)
, (149)
and analogously in the neutral sector Go1
Go2
 ≡
 cosψn sinψn
sinψn − cosψn
 G˜o1
G˜o2
 , (150)
cosψn = − gκ+
2MZ1 cosΘW
(
cosφ+
√
cos 2ΘW sinφ
)
,
sinψn = − 1
MZ1
cotΘW vRg
′ sinφ. (151)
Adding LGF (Eq.(146)), Lbilinear (Eq.(145)) and L
kin
GB (Eq.(132)) one gets
LGF + Lbilinear + L
kin
GB = −
1
ξW1
| ∂µW+1µ |2 −
1
ξW2
| ∂µW+2µ |2 −
1
2ξZ1
(∂µZ1µ)
2 − 1
2ξZ2
(∂µZ2µ)
2
+
(
∂µG+1
) (
∂µG
−
1
)− ξW1M2W1G+1 G−1 + (∂µG+2 ) (∂µG−2 )− ξW2M2W2G+2 G−2
+
1
2
(
∂µG01
) (
∂µG
0
1
)− 1
2
ξZ1M
2
Z1
(
G01
)2
+
1
2
(
∂µG02
) (
∂µG
0
2
)
− 1
2
ξZ2M
2
Z2
(
G02
)2
. (152)
The gauge boson part from Eq.(152) together with Eq.(10) and Eq.(34) give the kinetic energy Lagrangian for the
physical gauge bosons
− 1
2
F+1µνF
−µν
1 +M
2
W1
W+1µW
−µ
1 −
1
ξW1
| ∂µW+1µ |2
− 1
2
F+2µνF
−µν
2 +M
2
W2
W+2µW
−µ
2 −
1
ξW2
| ∂µW+2µ |2
− 1
4
F1µνF
µν
1 +
1
2
M2Z1Z1µZ
µ
1 −
1
2ξZ1
(∂µZ1µ)
2
− 1
4
F2µνF
µν
2 +
1
2
M2Z2Z2µZ
µ
2 −
1
2ξZ2
(∂µZ2µ)
2
− 1
4
FµνF
µν − 1
2ξA
(∂µAµ)
2
. (153)
From Eq.(153) the propagators for gauge bosons are obtained
i∆µν(p) =
i
p2 −M2i + iε
[
−gµν + (1− ξi) p
µpν
p2 − ξiM2i
]
, (154)
where
Mi =
 MW1,2 for W
±
1,2
MZ1,2 for Z1,2
0 for A
, ξi =
 ξW1,2 for W
±
1,2
ξZ1,2 for Z1,2
ξA for A
. (155)
The second part of Eq.(152) gives the Goldstone bosons propagators
i∆(p) =
i
p2 − ξiM2i + iε
, where Mi, (ξi) =
{
MZ1,2 ,
(
ξZ1,2
)
for G01,2
MW1,2 ,
(
ξW1,2
)
for G±1,2
. (156)
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3.2 THE GHOST PARTICLES, BRST TRANSFORMATIONS AND FADDEEV - POPOV LAGRANGIAN.
To avoid the violation of unitarity ghost particles must be introduced to the model. This is achieved by imposing
infinitesimal gauge transformations for gauge and Higgs fields where instead of the gauge parameter we put the
product λ c. The λ parameter is a Grassman number which commutes with all gauge bosons as well as with Higgs
particles but anticommutes with the ghost fields ”c”
λ2 = 0, {λ, c} = 0. (157)
The BRST transformations for gauge bosons are as follows:
δBRSTW iL,Rµ = λ
∂µciL,R + 3∑
e,f=1
gεiefW eL,Rµc
f
L,R
 ,
δBRSTBµ = λ
(
∂µc
4
)
. (158)
From Eq.(158) one obtains (we define δ˜BRST ≡ δBRST
λ
):
δ˜BRSTW 3µL,R = ∂
µc3L,R + g(W
1µ
L,Rc
2
L,R −W 2µL,Rc1L,R),
δ˜BRSTW 1,2µL,R = ∂
µc1,2L,R + g(W
2,3µ
L,R c
3,1
L,R −W 3,1µL,R c2,3L,R),
δ˜BRSTBµ = ∂µc4. (159)
The ghost particles c1L,R, c
2
L,R, c
3
L,R, c
4 anticommute with each other and commute with all remaining fields.
According to Eqs.(13,17) there are the following BRST transformations for scalar fields:
δ˜BRSTφ = −igRcaRφ
τa
2
+ igLc
a
L
τa
2
φ a = 1, 2, 3,
δ˜BRST∆R,L =
igR
2
caR,L(τa∆R,L +∆R,Lτa) + ig
′c4∆R,L, a = 1, 2, 3, (160)
explicitly
δ˜BRSTφ01 = −
ig
2
(
√
2c−Rφ
+
1 + c
3
Rφ
0
1 −
√
2c+Lφ
−
2 − c3Lφ01),
δ˜BRSTφ+1 = −
ig
2
(
√
2c+Rφ
0
1 − c3Rφ+1 −
√
2c+Lφ
0
2 − c3Lφ+1 ),
δ˜BRSTφ−2 = −
ig
2
(
√
2c−Rφ
0
2 + c
3
Rφ
−
2 −
√
2c−Lφ
0
1 + c
3
Lφ
−
2 ),
δ˜BRSTφ02 = −
ig
2
(
√
2c+Rφ
−
2 − c3Rφ02 −
√
2c−Lφ
+
1 + c
3
Lφ
0
2),
δ˜BRST δ+R,L = +ig(δ
0
R,Lc
+
R,L − δ++R,Lc−R,L) + ig′c4δ+R,L,
δ˜BRST δ++R,L = −ig(δ+R,Lc+R,L − δ++R,Lc3R,L) + ig′c4δ++R,L,
δ˜BRST δoR,L = +igδ
+
R,Lc
−
R,L + ig
′c4δoR,L − igδoR,Lc3R,L, (161)
where
29
c±L,R =
1√
2
(c1L,R ∓ ic2L,R). (162)
Let us now rewrite the gauge fixing Lagrangian form Eq.(146) using auxiliary fields ”E” (from now we will not
distinguish among ξZ1,2 , ξW1,2 and ξA except a case of renormalization of two point functions for unphysical particles):
LGF = E
−
1
(
∂µW+1µ + C
+
1E
)
+ E+1
(
∂µW−1µ + C
−
1E
)
+ ξE+1 E
−
1
+ E−2
(
∂µW+2µ + C
+
2E
)
+ E+2
(
∂µW−2µ + C
−
2E
)
+ ξE+2 E
−
2
+ EZ1
(
∂µZ1µ + C
Z1
E
)
+
ξ
2
E2Z1 + EZ2
(
∂µZ2µ + C
Z2
E
)
+
ξ
2
E2Z2 + EA (∂
µAµ) +
ξ
2
E2A, (163)
where
C+1E = iξMW1G
+
1 ,
C+2E = iξMW2G
+
2 ,
CZ1E = −ξMZ1G01,
CZ2E = −ξMZ2G02. (164)
The Faddeev - Popov Lagrangian (LFP ) is constructed by requiring that the sum LGF + LFP is BRST invariant.
So, first we have to find the BRST transformation for LGF (for all auxiliary fields δ˜
BRSTE = 0 is imposed, where
E = E±1,2, EZ1,2 , EA). To do this one has to know:
δ˜BRST
(
∂µW+1µ + C
+
1E
) ≡ D+1 ,
δ˜BRST
(
∂µW−1µ + C
−
1E
) ≡ D−1 ,
δ˜BRST
(
∂µW+2µ + C
+
2E
) ≡ D+2 ,
δ˜BRST
(
∂µW−2µ + C
−
2E
) ≡ D−2 ,
δ˜BRST
(
∂µZ1µ + C
Z1
E
)
≡ DZ1 ,
δ˜BRST
(
∂µZ2µ + C
Z2
E
)
≡ DZ1 ,
δ˜BRST ∂µAµ ≡ DA. (165)
To calculate BRST transformations in Eq.(165) the δ˜BRSTW±1,2µ, δ˜
BRSTZ1,2µ, δ˜
BRSTAµ, δ˜
BRSTG±1,2 and δ˜
BRSTG01,2
are necessary. The BRST transformations for the physical gauge particles are obtained from Eq.(159) using Eqs.(37,38)
for gauge bosons as well as for ghost particles, i.e.:(
c±L
c±R
)
=
(
cosξ sinξ
−sinξ cosξ
)(
c±1
c±2
)
, (166)
 c3Lc3R
c4
 =
 x1 x2 x3y1 y2 y3
v1 v2 v3
 c1c2
c0
 . (167)
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The explicit form of the BRST transformations for gauge particles is presented below:
δ˜BRSTW±1µ = ∂µc
±
1 ± ie
[
W±1µ (c1 f(sξ, cξ) + c2 g(sξ, cξ) + c0) +W
±
2µ (c1 h(sφ, cφ) + c2 h(−cφ, sφ))
− Z1µ
(
c±1 f(sξ, cξ) + c
±
2 h(sφ, cφ)
)− Z2µ (c±1 g(sξ, cξ) + c±2 h(−cφ, sφ))−Aµc±1 ] ,
(168)
δ˜BRSTW±2µ = ∂µc
±
2 ± ie
[
W±1µ (c1 h(sφ, cφ) + c2 h(−cφ, sφ)) +W±2µ (c1 f(sξ, cξ) + c2 g(sξ, cξ) + c0)
− Z1µ
(
c±1 h(sφ, cφ) + c
±
2 f(sξ, cξ)
)− Z2µ (c±1 h(−cφ, sφ) + c±2 g(sξ, cξ))−Aµc±2 ] ,
(169)
δ˜BRSTZ1µ = ∂µc1 − ie
[
W+1µ
(
c−1 f1(sξ, cξ) + c
−
2 h1(sφ, cφ)
)−W−1µ (c+1 f1(sξ, cξ) + c+2 h1(sφ, cφ))
+ W+2µ
(
c−1 h1(sφ, cφ) + c
−
2 f1(cξ, sξ)
)−W−2µ (c+1 h1(sφ, cφ) + c+2 f1(cξ, sξ))] ,
(170)
δ˜BRSTZ2µ = ∂µc2 − ie
[
W+1µ
(
c−1 g(sξ, cξ) + c
−
2 h(−cφ, sφ)
)−W−1µ (c+1 g(sξ, cξ) + c+2 h(−cφ, sφ))
+ W+2µ
(
c−1 h(−cφ, sφ) + c−2 g(cξ, sξ)
)−W−2µ (c+1 h(−cφ, sφ) + c+2 g(cξ, sξ))] ,
(171)
and
δ˜BRSTAµ = ∂µc0 − ie
(
W+1µc
−
1 −W−1µc+1 +W+2µc−2 −W−2µc+2
)
, (172)
with the following definitions of the f(sξ, cξ), f1(sξ, cξ), g(sξ, cξ), g2(sξ, cξ), h(sφ, cφ), h1(sφ, cφ), h(−cφ, cφ) func-
tions:
f(sξ, cξ) = cos
2 ξ cotΘW cosφ− sin2 ξ tanΘW cosφ− sin2 ξ
√
cos 2ΘW
sinΘW cosΘW
sinφ,
f1(sξ, cξ) = cos
2 ξ cotΘW cosφ+ sin
2 ξ tanΘW cosφ+ sin
2 ξ
√
cos 2ΘW
sinΘW cosΘW
sinφ,
g(sξ, cξ) = cos
2 ξ cotΘW sinφ− sin2 ξ tanΘW sinφ+ sin2 ξ
√
cos 2ΘW
sinΘW cosΘW
cosφ,
h(sφ, cφ) = sin ξ cos ξ
(
cotΘW cosφ+ tanΘW cosφ+
√
cosΘW
sinΘW cosΘW
sinφ
)
,
h1(sφ, cφ) = sin ξ cos ξ
(
cotΘW cosφ− tanΘW cosφ−
√
cosΘW
sinΘW cosΘW
sinφ
)
,
h(−cφ, sφ) = sin ξ cos ξ
(
cotΘW sinφ+ tanΘW sinφ−
√
cosΘW
sinΘW cosΘW
cosφ
)
.
(173)
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The BRST transformations for Goldstone particles are obtained from Eq.(161) :
δ˜BRST G˜01 =
e√
2κ+
{
κ2
[(
c1 h˜(sφ, cφ) + c2 h˜(−cφ, sφ)
) (
φ0∗2 + φ
0
2
)
− 1√
2 sinΘW
(
cos ξ
(
c+1 φ
−
1 + c
−
1 φ
+
1
)
+ sin ξ
(
c+2 φ
−
1 + c
−
2 φ
+
1
))
+
1√
2 sinΘW
(− sin ξ (c−1 φ+2 + c+1 φ−2 )+ cos ξ (c−2 φ+2 + c+2 φ−2 ))]
− κ1
[(
−c1 h˜(sφ, cφ) + c2 h˜(−cφ, sφ)
) (
φ0∗1 + φ
0
1
)
− 1√
2 sinΘW
(
cos ξ
(
c−1 φ
+
2 + c
+
1 φ
−
2
)
+ sin ξ
(
c−2 φ
+
2 + c
+
2 φ
−
2
))
+
1√
2 sinΘW
(− sin ξ (c−1 φ+1 + c+1 φ−1 )+ cos ξ (c−2 φ+1 + c+2 φ−1 ))]} , (174)
δ˜BRST G˜02 = −
e√
2
{
sin ξ
sinΘW
(
c+1 δ
−
R + c
−
1 δ
+
R
)− cos ξ
sinΘW
(
c+2 δ
−
R + c
−
2 δ
+
R
)
− c1
(
cotΘW√
cos 2ΘW
sinφ
) (
δ0∗R + δ
0
R
)
+ c2
(
cotΘW√
cos 2ΘW
cosφ
)(
δ0∗R + δ
0
R
)}
, (175)
and
δ˜BRSTG01 = cosψnδ˜
BRST G˜01 + sinψnδ˜
BRST G˜02,
δ˜BRSTG02 = sinψnδ˜
BRST G˜01 − cosψnδ˜BRST G˜02, (176)
δ˜BRSTG+1 = ie
{
(cosψc a1R − sinψc a1L)
[√
cos 2ΘW
(
−c1 h˜(−cφ, sφ) + c2 h˜(sφ, cφ) + c0
)
φ+1
+
1√
2 sinΘW
(
cos ξ c+1 + sin ξ c
+
2
)
φ02 −
1√
2 sinΘW
(− sin ξ c+1 + cos ξ c+2 )φ01]
+ (cosψc a2R − sinψc a2L)
[√
cos 2ΘW
(
−c1 h˜(−cφ, sφ) + c2 h˜(sφ, cφ) + c0
)
φ+2
− 1√
2 sinΘW
(
cos ξ c+1 + sin ξ c
+
2
)
φ0∗1 +
1√
2 sinΘW
(− sin ξ c+1 + cos ξ c+2 )φ0∗2 ]
+ (cosψc aRR)
[(
− sin ξ
sinΘW
c+1 +
cos ξ
sinΘW
c+2
)
δ0R −
(
− sin ξ
sinΘW
c−1 +
cos ξ
sinΘW
c−2
)
δ++R
+
(
− tanΘW cosφ+ sinΘW
cosΘW
√
cos 2ΘW
sinφ
)
c1δ
+
R
+
(
− tanΘW sinφ− sinΘW
cosΘW
√
cos 2ΘW
cosφ
)
c2δ
+
R + c0δ
+
R
]}
, (177)
δ˜BRSTG+2 = ie
{
(sinψc a1R + cosψc a1L)
[√
cos 2ΘW
(
−c1 h˜(−cφ, sφ) + c2 h˜(sφ, cφ) + c0
)
φ+1
+
1√
2 sinΘW
(
cos ξ c+1 + sin ξ c
+
2
)
φ02 −
1√
2 sinΘW
(− sin ξ c+1 + cos ξ c+2 )φ01]
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+ (sinψc a2R + cosψc a2L)
[√
cos 2ΘW
(
−c1 h˜(−cφ, sφ) + c2 h˜(sφ, cφ) + c0
)
φ+2
− 1√
2 sinΘW
(
cos ξ c+1 + sin ξ c
+
2
)
φ0∗1 +
1√
2 sinΘW
(− sin ξ c+1 + cos ξ c+2 )φ0∗2 ]
+ (sinψc aRR)
[(
− sin ξ
sinΘW
c+1 +
cos ξ
sinΘW
c+2
)
δ0R −
(
− sin ξ
sinΘW
c−1 +
cos ξ
sinΘW
c−2
)
δ++R
+
(
− tanΘW cosφ+ sinΘW
cosΘW
√
cos 2ΘW
sinφ
)
c1δ
+
R
+
(
− tanΘW sinφ− sinΘW
cosΘW
√
cos 2ΘW
cosφ
)
c2δ
+
R + c0δ
+
R
]}
, (178)
where
h˜(−cφ, sφ) = h(−cφ, sφ)
2 sin ξ sin ξ
, h˜(sφ, cφ) =
h(sφ, cφ)
2 sin ξ sin ξ
. (179)
Introducing ”bar” fields for each ghost particle with the BRST transformations:
δ˜BRST c¯±1 = ±iE±1 ,
δ˜BRST c¯±2 = ±iE±2 ,
δ˜BRST c¯1 = iEZ1 ,
δ˜BRST c¯2 = iEZ2 ,
δ˜BRST c¯0 = iEA, (180)
we can construct the Faddeev - Popov Lagrangian in the form
LFP = ic¯
+
1 D
−
1 + ic¯
−
1 D
+
1 + ic¯
+
2 D
−
2 + ic¯
−
2 D
+
2 + ic¯1DZ1 + ic¯2DZ2 + ic¯0DA. (181)
If we define BRST transformations for ghost particles in the following way:
δBRST c1L,R = −λgc2L,Rc3L,R,
δBRST c2L,R = −λgc3L,Rc1L,R,
δBRST c3L,R = −λgc1L,Rc2L,R,
δBRST c4 = 0, (182)
then it is easy to check that
δBRST [LGF + LFP ] = 0. (183)
Since the rest of the Lagrangian is gauge invariant, it is also BRST invariant ( the BRST is infinitesimal gauge
transformation). The kinetic energy Lagrangian for ghost particles is obtained after the BRST transformations for
all fields in Eq.(181)
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Lkinghost = − i
(
∂µc¯
+
1
) (
∂µc−1
)
+ iξM2W1 c¯
+
1 c
−
1 − i
(
∂µc¯
+
2
) (
∂µc−2
)
+ iξM2W2 c¯
+
2 c
−
2 + h.c.
− i (∂µc¯1) (∂µc1) + iξM2Z1 c¯1c1 − i (∂µc¯2) (∂µc2) + iξM2Z2 c¯1c2 − i (∂µc¯A) (∂µcA) . (184)
According to Eq.(184) the masses of ghost particles are as follows:
(Mc±
1,2
)2 = ξ(MW±
1,2
)2,
(Mc1,2)
2 = ξ(MZ1,2)
2,
Mc0 = 0, (185)
and the propagators are (it is worth to stress that a -1 factor appears in the numerator)
i∆i(p) =
−1
p2 − ξM2i + iε
, where Mi =

MW1 for c
±
1 ,
MW2 for c
±
2 ,
MZ1 for c1,
MZ2 for c2,
0 for c0.
(186)
For further use we write down the ghost particles - gauge bosons interactions obtained from Eq.(181)
LGB−GHFP = g
{
(x1 (∂
µc¯1) + x2 (∂
µc¯2) + x3 (∂
µc¯0))
× [cos2 ξ W−1µ c+1 + cos ξ sin ξ W−1µ c+2 + cos ξ sin ξ W−2µ c+1 + sin2 ξ W−2µ c+2 ]
+ (y1 (∂
µc¯1) + y2 (∂
µc¯2) + y3 (∂
µc¯0))
× [sin2 ξ W−1µ c+1 − cos ξ sin ξ W−1µ c+2 − cos ξ sin ξ W−2µ c+1 + cos2 ξ W−2µ c+2 ]
+
[
cos2 ξ
(
∂µc¯−1
)
W+1µ + cos ξ sin ξ
(
∂µc¯−2
)
W+1µ
+ cos ξ sin ξ
(
∂µc¯−1
)
W+2µ + sin
2 ξ
(
∂µc¯−2
)
W+2µ
]
(x1c1 + x2c2 + x3c0)
+
[
sin2 ξ
(
∂µc¯−1
)
W+1µ − cos ξ sin ξ
(
∂µc¯−2
)
W+1µ
− cos ξ sin ξ (∂µc¯−1 )W+2µ + cos2 ξ (∂µc¯−2 )W+2µ] (y1c1 + y2c2 + y3c0)
− (x1Z1µ + x2Z2µ + x3Aµ)
× [cos2 ξ (∂µc¯−1 ) c+1 + cos ξ sin ξ (∂µc¯−1 ) c+2 + cos ξ sin ξ (∂µc¯−2 ) c+1 + sin2 ξ (∂µc¯−2 ) c+2 ]
− (y1Z1µ + y2Z2µ + y3Aµ)
× [sin2 ξ (∂µc¯−1 ) c+1 − cos ξ sin ξ (∂µc¯−1 ) c+2 − cos ξ sin ξ (∂µc¯−2 ) c+1 + cos2 ξ (∂µc¯−2 ) c+2 ]}
+ h.c. . (187)
In our approach the ghost fields are hermitian, so we have:
(
c±i
)+
= c∓i ,
(
c¯±i
)+
= c¯∓i , i = 1, 2 (188)
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for charged ghost, and
(ci)
+
= ci, (c¯i)
+
= c¯i (189)
for neutral ghost. The ghosts c and c¯ anticommute
{c, c¯} = 0. (190)
Using the relations Eqs.(188-190) one can prove the hermicity of all terms in the Lagrangian with ghost particles.
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IV On the mass - shell renormalization of the
left - right model.
It has been proved first by ’t Hooft that non abelian theories are renormalizable [45]. Further contributions have
clarified the structure of gauge theories [72], [78], [79], [80]. In the following sections the full (i.e. all Green functions
are claimed to be finite) on - shell renormalization scheme of the left - right symmetric model is presented [81], [82],
[83]. First, the definitions of renormalization constants for fields, masses, couplings, mixing angles and mixing matrices
are given. Then, in Chapter 4.2.1, the renormalization of tadpoles is considered. In Chapter 4.2.2 the renormalization
conditions and counter terms for two - point functions are presented. Finally in Chapter 4.2.3 the renormalization of
remaining parameters (cosϕ, sin ξ, ΩL,R, KL,R) is performed.
4.1 DEFINITIONS OF THE RENORMALIZATION CONSTANTS.
All quantities written below with (without) suffix 0 denote bare (renormalized) ones. Capital ”IJ” (small ”ij”)
indices represent up (down) fermions in the left and right handed doublets. For abbreviation the i, j indices are used to
denote the neutral physical Higgses (i = H0, H01 , H
0
2 , H
0
3 , A
0
1, A
0
2), (e.g.Z
1
2
ij in Eq.(213)). Similarly, the single (doubly)
charged Higgses H±1,2 (δ
±±
L,R) without ’±’ (’±±’) prefixes are written (e.g. Z
1
2
H+
1
H+
2
≡ Z
1
2
H1H2
, Z
1
2
δ++
L
δ++
R
≡ Z
1
2
δLδR
).
4.1.1 Definitions of the renormalization constants for fields.
i) Charged gauge bosons, charged Nambu-Goldstone bosons and ghost particles: ◦W±1µ◦
W
±
2µ
 = ( Z 12W1W1 Z 12W1W2
Z
1
2
W2W1
Z
1
2
W2W2
)(
W±1µ
W±2µ
)
, (191)
 ◦G±1◦
G
±
2
 = ( (Z±G)11 (Z±G)12(
Z±G
)
12
(
Z±G
)
22
)(
G±1
G±2
)
, (192)
( ◦
c
±
1
◦
c
±
2
)
=
(
Z˜
1
2
W1W1
Z˜
1
2
W1W2
Z˜
1
2
W2W1
Z˜
1
2
W2W2
)(
c±1
c±2
)
, (193)
◦
c¯
±
1,2= c¯
±
1,2, (194)
where the renormalization constants from Eqs.(191,193) are given by:
Z
1
2
WiWj
= δij + δZ
1
2
WiWj
,
(
Z±G
)
ij
= δij + δ
(
Z±G
)
ij
, Z˜
1
2
WiWj
= δij + δZ˜
1
2
WiWj
. (195)
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ii) Neutral gauge bosons, neutral Nambu-Goldstone bosons and ghost particles:
◦
Z1µ
◦
Z2µ
◦
Aµ
 =
 Z
1
2
Z1Z1
Z
1
2
Z1Z2
Z
1
2
Z1A
Z
1
2
Z2Z1
Z
1
2
Z2Z2
Z
1
2
Z2A
Z
1
2
AZ1
Z
1
2
AZ2
Z
1
2
AA

 Z1µZ2µ
Aµ
 , (196)
 ◦G01
◦
G
0
2
 = ( (Z0G)11 (Z0G)12(
Z0G
)
12
(
Z0G
)
22
)(
G01
G02
)
, (197)

◦
c1
◦
c2
◦
c0
 =
 Z˜
1
2
Z1Z1
Z˜
1
2
Z1Z2
Z˜
1
2
Z1A
Z˜
1
2
Z2Z1
Z˜
1
2
Z2Z2
Z˜
1
2
Z2A
Z˜
1
2
AZ1
Z˜
1
2
AZ2
Z˜
1
2
AA

 c1c2
c0
 . (198)
Similarly as for charged particle there is:
Z
1
2
ZiZj
= δij + δZ
1
2
ZiZj
, (199)(
Z0G
)
ij
= δij + δ
(
Z0G
)
ij
, (200)
Z˜
1
2
ZiZj
= δij + δZ˜
1
2
ZiZj
, (201)
Z
1
2
ZAZA
= 1 + δZ
1
2
ZAZA
. (202)
For the c¯ - type ghosts it is not necessary to introduce renormalization constants (they occur always in pairs
with c - type ghosts), and
◦
c¯1 = c¯1, (203)
◦
c¯2 = c¯2, (204)
◦
c¯0 = c¯0. (205)
iii) Fermions.
After SSB the left - right symmetric model is a chiral theory and left and right handed parts of fermion fields
interacts in a different way. So the ψL and ψR fields must have independent renormalization constants. To
satisfy all on mass - shell renormalization conditions one has to introduce the renormalization matrix.
◦
ψLI =
∑
J
(Z
1
2
L )IJψLJ , (206)
◦
ψLi =
∑
j
(Z
1
2
L )ijψLj , (207)
◦
ψRI =
∑
J
(Z
1
2
R)IJψRJ , (208)
◦
ψRi =
∑
j
(Z
1
2
R)ijψRj , (209)
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where
(Z
1
2
L,R)ij = δij + (δZ
1
2
L,R)ij , (210)
(Z
1
2
L,R)IJ = δIJ + (δZ
1
2
L,R)IJ , (211)
and the sum is taken over up (IJ) and down (ij) quarks, or over charged leptons (ij) and neutrinos (IJ). For
convenience we will also write (Z
l 1
2
L,R)ij and (Z
ν 1
2
L,R)IJ for charged leptons and neutrinos respectively. The matrices
ZL,R can be complex and not unitary. If neutrinos are Majorana particles then there are relations between left
and right handed fields, and the ZL and ZR are related by
ZL = Z
∗
R. (212)
iv) Higgs particles.
Since all charge-less Higgs particles mix between each other (CP is not conserved), the renormalization matrix
must be introduced for them:
◦
H0i =
∑
j
Z
1
2
ijH
0
j , i, j = H
0
0 , H
0
1 , H
0
2 , H
0
3 , A
0
1, A
0
2, (213)
and similarly for charged particles:
◦
Hi =
∑
j
Z
1
2
HiHj
Hj , i, j = 1, 2 , (214) ◦δ±±L◦
δ
±±
R
 = ( Z 12δLδL Z 12δLδR
Z
1
2
δRδL
Z
1
2
δRδR
)(
δ±±L
δ±±R
)
. (215)
In the case of CP conservation the charge-less H and A particles have different CP parities and do not mix.
4.1.2 Definitions of the renormalization constants for masses.
The masses of all physical particles are renormalized and we define:
◦
M
2
Wi
=M2Wi + δM
2
Wi
≡ G2WiM2Wi , i = 1, 2 , (216)
◦
M
2
Zi
=M2Zi + δM
2
Zi
≡ G2ZiM2Zi , i = 1, 2 , (217)
◦
M
2
i =M
2
i + δM
2
i ≡ G2iM2i , i = H0, H01 , H02 , H03 , A01, A02 , (218)
◦
M
2
H±
i
=M2
H±
i
+ δM2
H±
i
≡ G2HiM2Hi , i = 1, 2 , (219)
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◦
M
2
δ±±
L
=M2
δ±±
L
+ δM2
δ±±
L
≡ G2δLM2δL , (220)
◦
M
2
δ±±
R
=M2
δ±±
R
+ δM2
δ±±
R
≡ G2δRM2δR , (221)
◦
m
2
f = m
2
f + δm
2
f ≡ G2fm2f , f = leptons, quarks. (222)
4.1.3 Definitions of the renormalization constants for couplings, mixing angles and mixing matrices.
There are more free parameters in the left - light symmetric model than in the SM (cosϕ, sin ξ,ΩL,R,KL,R). Thus,
more renormalization constants must be introduced. The definitions of the renormalization constants for remaining
parameters are as follows:
◦
e = Y e ≡ (1 + δY )e, (223)
◦
cosϕ = Gϕ cosϕ ≡ (1 + δGϕ) cosϕ, (224)
◦
sinΘW = GΘW sinΘW ≡ (1 + δGΘW ) sinΘW , (225)
◦
sin ξ = Gξ sin ξ ≡ (1 + δGξ) sin ξ, (226)
◦
ΩL,R = ΩL,R + δΩL,R, (227)
◦
KL,R = KL,R + δKL,R, (228)
◦
U
CKM
L,R = U
CKM
L,R + δU
CKM
L,R . (229)
4.2 ON MASS - SHELL RENORMALIZATION CONDITIONS AND COUNTER TERMS
4.2.1 Renormalization of tadpoles.
Lorentz invariance prevents tadpoles for fields other than scalar ones. To get the renormalization conditions for
the tadpoles, to each order of perturbation the requirement that the tadpole terms in effective action disappear is
imposed. Thus, if the diagram
= ti
denotes tadpole ti (i = H
0, H01 , H
0
2 , H
0
3 , A
0
1, A
0
2) and the diagram
= Ti
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is an appropriate counter term Ti the renormalization conditions ti + Ti = 0 give renormalization constants Ti.
4.2.2 Renormalization conditions and counter terms for two-point functions.
4.2.2.1 Gauge bosons.
There are two kind of counter terms of two - point functions for gauge bosons. One is coming from kinetic energy
− 1
4
FµνFµν , (230)
and the second is given by the mass term, e.q. for Z bosons
M2ZiZ
µ
i Ziµ. (231)
In the momentum space these two terms give contributions:
kinetic energy −→ −ik2
(
gµν − k
µkν
k2
)
,
mass term −→ igµν . (232)
It is better to use two orthogonal tensors:
T µν = gµν − k
µkν
k2
, Lµν =
kµkν
k2
. (233)
Then of course
T µνLνρ = 0, T
µν + Lµν = gµν . (234)
Since the gauge fixing parameter is free it is not necessary to renormalize the gauge fixing term, e.g.
− 1
ξ
(∂µZiµ)
2 (235)
for Z bosons.
In all the following pictures in this section the diagram
represents n-loop self-energy contribution, whereas
40
is the appropriate counter term. The letter ’k’ stands for the external particle momentum.
For two charged gauge bosons we have two diagonal propagators and two mixed.
W+1µ W
+
1ν
= T µνAW1(k2) + LµνBW1(k2),
W+1µ W
+
1ν
=
T µν
[(
M2W1 + δM
2
W1
) (
Z
1
2
W1W1
)2
+
(
M2W2 + δM
2
W2
) (
Z
1
2
W2W1
)2
− k2
((
Z
1
2
W1W1
)2
+
(
Z
1
2
W2W1
)2)]
+
Lµν
[(
M2W1 + δM
2
W1
) (
Z
1
2
W1W1
)2
+
(
M2W2 + δM
2
W2
)(
Z
1
2
W2W1
)2]
. (236)
W+2µ W
+
2ν
= T µνAW2(k2) + LµνBW2(k2),
W+2µ W
+
2ν
=
T µν
[(
M2W2 + δM
2
W2
) (
Z
1
2
W2W2
)2
+
(
M2W1 + δM
2
W1
) (
Z
1
2
W1W2
)2
− k2
((
Z
1
2
W2W2
)2
+
(
Z
1
2
W1W2
)2)]
+
Lµν
[(
M2W2 + δM
2
W2
) (
Z
1
2
W2W2
)2
+
(
M2W1 + δM
2
W1
)(
Z
1
2
W1W2
)2]
. (237)
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W+1µ W
+
2ν
= T µνAW1W2(k2) + LµνBW1W2(k2),
W+1µ W
+
2ν
=
T µν
[(
M2W1 + δM
2
W1
)
Z
1
2
W1W1
Z
1
2
W1W2
+(
M2W2 + δM
2
W2
)
Z
1
2
W2W2
Z
1
2
W2W1
− k2
(
Z
1
2
W1W1
Z
1
2
W1W2
+ Z
1
2
W2W2
Z
1
2
W2W1
)]
+
Lµν
[(
M2W1 + δM
2
W1
)
Z
1
2
W1W1
Z
1
2
W1W2
+
(
M2W2 + δM
2
W2
)
Z
1
2
W2W2
Z
1
2
W2W1
]
. (238)
Renormalization conditions Renormalization constants
AW1 (M2W1) = 0
AW
′
1 (M2W1) = 0
AW2 (M2W2) = 0
AW
′
2 (M2W2) = 0
AW1W2(M2W1) = 0
AW1W2(M2W2) = 0

⇒ Z
1
2
W1W1
, Z
1
2
W2W2
, δM2W1
Z
1
2
W1W2
, Z
1
2
W2W1
, δM2W2 .
(239)
These equations allow us to calculate six renormalization constants. Prime superscript in the renormalization
conditions above means differentiation with respect to k2 e.g.
AW
′
1(M2W1) =
∂AW1(k2)
∂k2
|k2=M2
W1
. (240)
For neutral gauge bosons the situation is more complicated. There are three diagonal propagators and three mixed.
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Z1µ Z1ν
= T µνAZ1(k2) + LµνBZ1(k2),
Z1µ Z1ν
=
T µν
[(
M2Z1 + δM
2
Z1
) (
Z
1
2
Z1Z1
)2
+
(
M2Z2 + δM
2
Z2
) (
Z
1
2
Z2Z1
)2
− k2
((
Z
1
2
Z1Z1
)2
+
(
Z
1
2
Z2Z1
)2
+
(
Z
1
2
AZ1
)2)]
+
Lµν
[(
M2Z1 + δM
2
Z1
) (
Z
1
2
Z1Z1
)2
+
(
M2Z2 + δM
2
Z2
)(
Z
1
2
Z2Z1
)2]
. (241)
Z2µ Z2ν
= T µνAZ2(k2) + LµνBZ2(k2),
Z2µ Z2ν
=
T µν
[(
M2Z2 + δM
2
Z2
) (
Z
1
2
Z2Z2
)2
+
(
M2Z1 + δM
2
Z1
) (
Z
1
2
Z1Z2
)2
− k2
((
Z
1
2
Z2Z2
)2
+
(
Z
1
2
Z1Z2
)2
+
(
Z
1
2
AZ2
)2)]
+
Lµν
[(
M2Z2 + δM
2
Z2
) (
Z
1
2
Z2Z2
)2
+
(
M2Z1 + δM
2
Z1
)(
Z
1
2
Z1Z2
)2]
. (242)
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Z1µ Z2ν
= T µνAZ1Z2(k2) + LµνBZ1Z2(k2),
Z1µ Z2ν
=
T µν
[(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z1
Z
1
2
Z1Z2
+(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z2
Z
1
2
Z2Z1
− k2
(
Z
1
2
Z1Z1
Z
1
2
Z1Z2
+ Z
1
2
Z2Z2
Z
1
2
Z2Z1
+ Z
1
2
AZ1
Z
1
2
AZ2
)]
+
Lµν
[(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z1
Z
1
2
Z1Z2
+
(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z2
Z
1
2
Z2Z1
]
. (243)
Aµ Aν
= T µνAA(k2) + LµνBA(k2),
Aµ Aν
=
T µν
[(
M2Z1 + δM
2
Z1
) (
Z
1
2
Z1A
)2
+
(
M2Z2 + δM
2
Z2
) (
Z
1
2
Z2A
)2
− k2
((
Z
1
2
Z1A
)2
+
(
Z
1
2
Z2A
)2
+
(
Z
1
2
AA
)2)]
+
Lµν
[(
M2Z1 + δM
2
Z1
) (
Z
1
2
Z1A
)2
+
(
M2Z2 + δM
2
Z2
) (
Z
1
2
Z2A
)2]
. (244)
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Z1µ Aν
= T µνAZ1A(k2) + LµνBZ1A(k2),
Z1µ Aν
=
T µν
[(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z1
Z
1
2
Z1A
+(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z1
Z
1
2
Z2A
− k2
(
Z
1
2
Z1Z1
Z
1
2
Z1A
+ Z
1
2
Z2Z1
Z
1
2
Z2A
+ Z
1
2
AZ1
Z
1
2
AA
)]
+
Lµν
[(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z1
Z
1
2
Z1A
+
(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z1
Z
1
2
Z2A
]
. (245)
Z2µ Aν
= T µνAZ2A(k2) + LµνBZ2A(k2),
Z2µ Aν
=
T µν
[(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z2
Z
1
2
Z2A
+(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z2
Z
1
2
Z1A
− k2
(
Z
1
2
Z2Z2
Z
1
2
Z2A
+ Z
1
2
Z1Z2
Z
1
2
Z1A
+ Z
1
2
AZ2
Z
1
2
AA
)]
+
Lµν
[(
M2Z2 + δM
2
Z2
)
Z
1
2
Z2Z2
Z
1
2
Z2A
+
(
M2Z1 + δM
2
Z1
)
Z
1
2
Z1Z2
Z
1
2
Z1A
]
. (246)
There are 12 renormalization conditions but only 11 renormalization constants. In fact not all 12 conditions are
independent. The BRST invariance gives relations among them, so only 11 are independent. It is worth to stress that
to satisfy all 11 conditions, the renormalization matrix (Eq. (196)) does not have to be a symmetric one. From these
11 independent conditions all constants can be determined.
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Renormalization conditions Renormalization constants
AZ1(M2Z1) = 0, A
Z′1 (M2Z1) = 0,
AZ2(M2Z2) = 0, A
Z′2 (M2Z2) = 0,
AZ1A(M2Z1) = 0, A
Z1A(0) = 0,
AZ2A(M2Z2) = 0, A
Z2A(0) = 0,
AZ1Z2(M2Z1) = 0, A
Z1Z2(M2Z2) = 0,
AA(0) = 0, AA
′
(0) = 0

⇒ Z
1
2
Z1Z1
, Z
1
2
Z1A
, Z
1
2
Z2A
, Z
1
2
AZ1
, Z
1
2
AZ2
, Z
1
2
AA,
δM2Z1 , δM
2
Z2
, Z
1
2
Z1Z2
, Z
1
2
Z2Z1
, Z
1
2
Z2Z2
.
(247)
4.2.2.2 Scalar particles.
We don’t write the tadpole part for scalar bosons because according to the discussion in section 4.2.1 it equals zero.
For neutral scalar particles the counter terms come from the following part of the inverse propagators Lagrangian
−
6∑
i=1
1
2
H0i
(
2 +M2i
)
H0i . (248)
As all 6 neutral particles mix together we have six diagonal propagators and 15 off diagonal ones.
Hi Hj
= Fij(k
2), i, j = H0, H01 , H
0
2 , H
0
3 , A
0
1, A
0
2 i ≥ j,
Hi Hj
=
6∑
k=1
Z
1
2
kiZ
1
2
kj (k
2 −M2k − δM2k ) .
Altogether 42 renormalization conditions give us 42 renormalization constants.
Renormalization conditions Renormalization constants
Fii(M
2
i ) = 0
F ′ii(M
2
i ) = 0
Fij(M
0
i ) = 0, i > j
Fij(M
2
j ) = 0, i > j
 ⇒ Z
1
2
ii , Z
1
2
ij , Z
1
2
ji, δM
2
i . (249)
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The following part of the inverse propagators Lagrangian gives contributions to counter terms of the single charged
scalar particles
−
2∑
i=1
H+i
(
2+M2Hi
)
H−i . (250)
H+i H
+
j
= FHiHj (k
2), i, j = 1, 2, ; i ≥ j,
H+i H
+
j
=
2∑
k=1
Z
1
2
HkHi
Z
1
2
HkHj
(
k2 −M2Hk − δM2Hk
)
.
In this case 6 renormalization constants is fixed:
Renormalization conditions Renormalization constants
FHiHi(M
2
Hi
) = 0
F ′HiHi(M
2
Hi
) = 0
FHiHj (M
2
Hi
) = 0, i > j
FHiHj (M
2
Hj
) = 0, i > j
 ⇒ Z
1
2
H1H1
, Z
1
2
H2H2
, Z
1
2
H1H2
, Z
1
2
H2H1
, δM2H1 , δM
2
H2
. (251)
Finally, 6 renormalization constants connected with doubly charged Higgses can be found.
For doubly charged scalar particles the counter terms come from the following part of the inverse propagators
Lagrangian
− δ++L (2 +MδL) δ−−L − δ++R (2 +MδR) δ−−R . (252)
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δ ++i δ ++j
= Fδiδj (k
2), i, j = L,R, i ≥ j,
δ ++i δ ++j
=
2∑
k=1
Z
1
2
δkδi
Z
1
2
δkδj
(
k2 −M2δk − δM2δk
)
.
Renormalization conditions Renormalization constants
Fδi(M
2
δi
) = 0
F ′δi(M
2
δi
) = 0
Fδiδj (M
2
δi
) = 0, i > j
Fδiδj (M
2
δj
) = 0, i > j
 ⇒ Z
1
2
δLδL
, Z
1
2
δLδR
, Z
1
2
δRδL
, Z
1
2
δRδR
, δM2δL , δM
2
δR
. (253)
4.2.2.3 Fermions.
The following part of the inverse propagators Lagrangian gives contributions to the counter terms of fermions∑
i
ψ¯i (iγ
µ∂µ −mi)ψi +
∑
I
ψ¯I (iγ
µ∂µ −mI)ψI . (254)
It is suitable to divide the renormalized inverse fermion propagator matrix K = (Kij) into four parts
Kren = ALPL +ARPR +BLk̂PL +BRk̂PR, (255)
where
AL,R =
{
(AL,R)ij
}
, BL,R =
{
(BL,R)ij
}
(256)
are independent matrices in flavor space separate for up - quarks (AupL,R, B
up
L,R), down - quarks (A
down
L,R , B
down
L,R ),
charged leptons (AlL,R, B
l
L,R) and neutrinos (A
ν
L,R, B
ν
L,R). These matrices for up and down quarks and charged
leptons are 3 dimensional. For neutrinos AνL,R and B
ν
L,R have 6× 6 dimension. So we have
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i j
=
A
ij
LPL + A
ij
RPR +B
ij
L k̂PL +B
ij
R k̂PR,
and counter terms
i j
=
− (Z+L (m+ δm)ZR)ij PR − (Z+R (m+ δm)ZL)ij PL
+
(
Z+RZR
)
ij
k̂PR +
(
Z+LZL
)
ij
k̂PL. (257)
The on - mass shell renormalization conditions are the following
for i = j : 
AiiL(m
2
i ) = −miBiiR(m2i ),
AiiR(m
2
i ) = −miBiiR(m2i ),
BiiL(m
2
i ) = B
ii
R(m
2
i ),
mi
(
Aii′L (m
2
i ) +A
ii′
R (m
2
i )
)
+ 12
(
BiiL(m
2
i ) + B
ii
R(m
2
i )
)
+m2i
(
Bii′L (m
2
i ) +B
ii′
R (m
2
i )
)
= 1,
(258)
and for i > j : 
AijL (m
2
j) +mjB
ij
R (m
2
j ) = 0,
AijR(m
2
j) +mjB
ij
L (m
2
j ) = 0,
AijL (m
2
i ) +miB
ij
R (m
2
i ) = 0,
AijR(m
2
i ) +miB
ij
L (m
2
i ) = 0.
(259)
For Dirac particles of N generations (quarks and charged leptons) there are 4N2 independent on mass - shell
conditions and the same number of renormalization constants. So, for three generations there are altogether 3×4×32 =
108 renormalization constants which have to be determined. For Majorana particles there are 2× (2N)2 + 2N = 78
renormalization constants which must be found.
4.2.2.4 Unphysical particles.
The unphysical particles do not appear on external lines, so we may impose any renormalization conditions for these
”particles”. It is most convenient to use the minimal subtraction scheme. To express the Faddeev-Popov Lagrangian
(Eq.(181)) by bare quantities we define the renormalization constants for auxiliary fields in the following way:
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(
E±1
E±2
)
=
(
Z
1
2
T
W
)
ij
 ◦E±1◦
E
±
2
 , (260)
 EZ1EZ2
EA
 = (Z 12TZ )
ij

◦
EZ1◦
EZ2◦
EA
 . (261)
Then the gauge fixing Lagrangian (Eq.163) in bare fields (omitting bilinear terms of auxiliary fields) reads
◦
LGF =
◦
E
−
1 ∂
µ
◦
W
+
1µ +
◦
E
−
2 ∂
µ
◦
W
+
2µ +i
◦
E
−
1
(◦
ξW1
◦
MW1
◦
G
+
1 +
◦
γc1
◦
G
+
2
)
+ i
◦
E
−
2
(◦
ξW2
◦
MW2
◦
G
+
2 +
◦
γc2
◦
G
+
1
)
+ h.c.
+
◦
EZ1 ∂
µ
◦
Z1µ +
◦
EZ2 ∂
µ
◦
Z2µ +
◦
EA ∂
µ
◦
Aµ −
◦
EZ1
(◦
ξZ1
◦
MZ1
◦
G
0
1 +
◦
γn1
◦
G
0
2
)
− ◦EZ2
(◦
ξZ2
◦
MZ1
◦
G
0
2 +
◦
γn2
◦
G
0
1
)
− EAβ1
◦
G
0
1 −EAβ2
◦
G
0
2, (262)
where
◦
ξW1 =
(
ξ
MW1
◦
MW1
(
Z
1
2
T
W
)
11
(
Z+−1G
)
11
+ ξ
MW2
◦
MW1
(
Z
1
2
T
W
)
21
(
Z+−1G
)
21
)
,
◦
ξW2 =
(
ξ
MW1
◦
MW2
(
Z
1
2
T
W
)
12
(
Z+−1G
)
12
+ ξ
MW2
◦
MW2
(
Z
1
2
T
W
)
22
(
Z+−1G
)
22
)
,
◦
ξZ1 =
(
ξ
MZ1
◦
MZ1
(
Z
1
2
T
Z
)
11
(
Z0−1G
)
11
+ ξZ2
MZ2
◦
MZ1
(
Z
1
2
T
Z
)
21
(
Z0−1G
)
21
)
,
◦
ξZ2 =
(
ξ
MZ1
◦
MZ2
(
Z
1
2
T
Z
)
12
(
Z0−1G
)
12
+ ξ
MZ2
◦
MZ2
(
Z
1
2
T
Z
)
22
(
Z0−1G
)
22
)
,
◦
γn1 = ξMZ1
(
Z
1
2
T
Z
)
11
(
Z0−1G
)
12
+ ξMZ2
(
Z
1
2
T
Z
)
21
(
Z0−1G
)
22
,
◦
γn2 = ξMZ1
(
Z
1
2
T
Z
)
12
(
Z0−1G
)
11
+ ξMZ2
(
Z
1
2
T
Z
)
22
(
Z0−1G
)
21
,
◦
γc1 = ξMW1
(
Z
1
2
T
W
)
11
(
Z+−1G
)
12
+ ξMW2
(
Z
1
2
T
W
)
21
(
Z+−1G
)
22
,
◦
γc2 = ξMW1
(
Z
1
2
T
W
)
12
(
Z+−1G
)
11
+ ξMW2
(
Z
1
2
T
W
)
22
(
Z+−1G
)
21
,
β1 = ξMZ1
(
Z
1
2
T
Z
)
13
(
Z0−1G
)
11
+ ξMZ2
(
Z
1
2
T
Z
)
23
(
Z0−1G
)
21
,
β2 = ξMZ1
(
Z
1
2
T
Z
)
13
(
Z0−1G
)
12
+ ξMZ2
(
Z
1
2
T
Z
)
23
(
Z0−1G
)
22
.
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The bare ”D” quantities from Eq.(165) read:
◦
DZ1 = δ˜
BRST
(
∂µ
◦
Z1µ −
◦
ξZ1
◦
MZ1
◦
G
0
1 −
◦
γn1
◦
G
0
2
)
,
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◦
DZ2 = δ˜
BRST
(
∂µ
◦
Z2µ −
◦
ξZ2
◦
MZ2
◦
G
0
2 −
◦
γn2
◦
G
0
1
)
,
◦
DA = δ˜
BRST
(
∂µ
◦
Aµ −β1
◦
G
0
1 −β2
◦
G
0
2
)
,
◦
D
+
1 = δ˜
BRST
(
∂µ
◦
W
+
1µ +i
◦
ξW1
◦
MW1
◦
G
+
1 +i
◦
γc1
◦
G
+
2
)
,
◦
D
+
2 = δ˜
BRST
(
∂µ
◦
W
+
2µ +i
◦
ξW2
◦
MW2
◦
G
+
2 +i
◦
γc2
◦
G
+
1
)
. (264)
a. Goldstone - bosons. Three renormalization constants for charged Goldstone bosons are determined from
three inverse propagators
G+i G
+
j
= F±ij (k
2), i ≥ j,
G+i G
+
j
=
k2
[(
Z±G
)
1i
(
Z±G
)
1j
+
(
Z±G
)
2i
(
Z±G
)
2j
]
−
[◦
ξW1
(
M2W1 + δM
2
W1
) (
Z±G
)
1i
(
Z±G
)
1j
+
◦
ξW2
(
M2W2 + δM
2
W2
) (
Z±G
)
2i
(
Z±G
)
2j
]
.
From any renormalization conditions ⇒ (Z±G)11 , (Z±G)12 , (Z±G)22 .
For neutral Goldstone - bosons there is a similar situation:
G0i G
0
j
= F 0ij(k
2), i ≥ j,
G0i G
0
j
=
k2
[(
Z0G
)
1i
(
Z0G
)
1j
+
(
Z0G
)
2i
(
Z0G
)
2j
]
−
[◦
ξZ1
(
M2Z1 + δM
2
Z1
) (
Z0G
)
1i
(
Z0G
)
1j
+
◦
ξZ2
(
M2Z2 + δM
2
Z2
) (
Z0G
)
2i
(
Z0G
)
2j
]
.
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And from any renormalization conditions ⇒ (Z0G)11 , (Z0G)12 , (Z0G)22 .
b. Faddeev - Popov ghosts. For charged Faddeev - Popov ghosts there are four inverse propagators and four
counter terms to them:
c
+
i c
+
j
= γ+ij (k
2), i, j = 1, 2 ,
c
+
i c
+
j
= i
(
−k2+
◦
ξWi
(
M2Wi + δM
2
Wi
))
Z˜
1
2
WiWj
.
From any renormalization condition, four renormalization constants Z˜
1
2
WiWj
(i, j = 1, 2) will be determined.
For neutral Faddeev - Popov ghosts there are nine inverse propagators and the same number of counter terms:
ci cj
= γ0ij(k
2), i, j = Z1, Z2, A ,
ci cj
= i
(
−k2+
◦
ξi (M
2
i + δM
2
i )
)
Z˜
1
2
ij .
The already determined renormalization constants make finite all other two - point functions.
4.2.3 Renormalization of couplings, mixing angles and mixing matrices.
As it was mentioned in section 4.1.3 there are more free parameters in the left - right symmetric model than in SM.
To calculate the renormalization constants for them, additional renormalization conditions must be imposed. In the
next section the renormalization of charge is performed. Subsequently, the renormalization of mixing angles ϕ, ΘW ,
ξ and mixing matrices is analyzed.
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4.2.3.1 Renormalization of charge.
In order to calculate the renormalization constant for charge (δY ), the Aµe−e+ vertex is considered
Aµ
e
-
e
-
= ΓµeeA
Renormalization condition Renormalization constant
u¯(me)Γ
µ
eeAu(me) |k2=0= 0 ⇒ δY. (265)
The vertex ΓµeeA contains the counter term part and the proper vertex of all the Feynman diagrams
ΓµeeA = ieγ
µ
(
ΓeeACT + Γ
eeA
D
)
. (266)
Putting the definitions of appropriate renormalization constants from Chapter 4.1 to L
(l)
NC (Eq.(97)), the following
form of ΓµeeA in one loop approximation is obtained
ΓeeACT = −
[
δY + δZ
1
2
AA + (δZ
l
L)eePL + (δZ
l
R)eePR
]
+ Z
1
2
Z1A
1
sin 2ΘW
[(
cosϕ(−1 + 2 sin2ΘW )− sinϕ sin
2ΘW√
cos 2ΘW
)
PL
+
(
2 cosϕ sin2ΘW + sinϕ
1− 3 sin2ΘW√
cos 2ΘW
)
PR
]
+ Z
1
2
Z2A
1
sin 2ΘW
[(
sinϕ(−1 + 2 sin2ΘW ) + cosϕ sin
2ΘW√
cos 2ΘW
)
PL
+
(
2 sinϕ sin2ΘW + cosϕ
−1 + 3 sin2ΘW√
cos 2ΘW
)
PR
]
, (267)
where
(δZ lL,R)ee = (δZ
l 1
2
L,R)ee + (δZ
l 1
2
L,R)
†
ee. (268)
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4.2.3.2 Renormalization of mixing angle in neutral sector (φ) and mixing angle ΘW .
In order to calculate the δGϕ and δGΘW renormalization constants an additional vertex - Z1e
−e+ is exploited
Z1
µ
e
-
e
-
= ΓµeeZ1
By considering renormalization conditions separately for vector and axial vector parts, two renormalization constants
can be obtained
Renormalization conditions Renormalization constants
u¯(me)Γ
µ
eeZ1
u(me) |k2=M2
Z1
= 0
(
from the vector
and axial vector parts
)
⇒ δGϕ, δGΘW . (269)
Similarly as in previous two sections, ΓµeeZ1 can be split into two terms
ΓµeeZ1 = ieγ
µ
(
ΓeeZ1CT + Γ
eeZ1
D
)
. (270)
By applying definitions from Chapter 4.1 to Eq.(97), for the one loop level the following form of counter term ensues
ΓeeZ1CT =
[(
δY + (δZ lL)ee + δZ
1
2
Z1Z1
+ δGϕ + δGΘW
1
cos2ΘW (−1 + 2 sin2ΘW )
)
×
(
cosϕ
(−1 + 2 sin2ΘW )
sin 2ΘW
)
+
(
δY + (δZ lL)ee + δZ
1
2
Z1Z1
− δGϕ cot2 ϕ+ δGΘW
(1− 2 sin4ΘW )
(1− sin2ΘW )(1 − 2 sin2ΘW )
)
×
(
sinϕ
(− sin2ΘW )
sin 2ΘW
√
cos 2ΘW
)]
PL
+
[(
δY + (δZ lR)ee + δZ
1
2
Z1Z1
+ δGϕ + δGΘW
1
cos2ΘW
)
×
(
cosϕ
2 sin2ΘW
sin 2ΘW
)
+
(
δY + (δZ lR)ee + δZ
1
2
Z1Z1
− δGϕ cot2 φ
+ δGΘW
−3 sin2ΘW + 6 sin4ΘW − 6 sin6ΘW + 1
(−1 + 3 sin2ΘW )(1 − sin2ΘW )(1− 2 sin2ΘW )
)
×
(
sinϕ
(1− 3 sin2ΘW )
sin 2ΘW
√
cos 2ΘW
)]
PR
+ Z
1
2
Z2Z1
[(
cosϕ
sin2ΘW
sin 2ΘW
√
cos 2ΘW
+ sinϕ
(−1 + 2 sin2ΘW )
sin 2ΘW
)
PL
+
(
cosϕ
(−1 + 3 sin2ΘW )
sin 2ΘW
√
cos 2ΘW
+ sinϕ
2 sin2ΘW
sin 2ΘW
)
PR
]
− Z
1
2
AZ1
. (271)
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4.2.3.3 Renormalization of mixing angle in charged sector (ξ).
The renormalization constant for mixing angle in charged sector (δGξ) can be determined from the W1νie vertex
W1
+µ
e
- νi
= Γµνi eW
Renormalization condition Renormalization constant
u¯(mνi)Γ
µ
NieW1
u(me) |k2=M2
W1
= 0 ⇒ δGξ. (272)
Similarly as for Aµe−e+ vertex, ΓµνieW1 is the sum of the counter term and Feynman diagrams part
ΓµNieW1 = ieγ
µ
(
ΓNieW1CT + Γ
NieW1
D
)
. (273)
After setting to L
(l)
CC (Eq.(94)) the definitions of appropriate renormalization constants from Chapter 4.1, in one
loop approximation the counter term reads
ΓNieW1CT =
cos ξ√
2 sinΘW
{[
δY + δZ
1
2
W1W1
− δGΘW − δGξ
sin2 ξ
cos2 ξ
]
(KL)Ie
+
1
2
∑
A
(
(δZ
ν 1
2
L )IA + (δZ
ν 1
2
L )
†
IA
)
(KL)Ae
+
1
2
∑
b
(
(δZ
l 1
2
L )be + (δZ
l 1
2
L )
†
be
)
(KL)Ib + Z
1
2
W2W1
sin ξ√
2 sinΘW
(KL)Ie
}
PL
− sin ξ√
2 sinΘW
{[
δY + δZ
1
2
W1W1
− δGΘW + δGξ
]
(KR)Ie
+
1
2
∑
A
(
(δZ
ν 1
2
R )IA + (δZ
ν 1
2
R )
†
IA
)
(KR)Ae
+
1
2
∑
b
(
(δZ
l 1
2
R )be + (δZ
l 1
2
R )
†
be
)
(KR)Ib + Z
1
2
W2W1
cos ξ√
2 sinΘW
(KR)Ie
}
PR. (274)
4.2.3.4 Renormalization of mixing matrices.
The renormalization of the mixing matrices UCKML,R in the quark sector and KL,R in the weak charged current
Lagrangian has already been analyzed [46], [47]. In this section the renormalization of mixing matrices in the weak
neutral current sector (ΩL,R) is performed.
55
First, let us consider the left handed part of the unrenormalized charged current interactions (for the right handed
part all formulas are analogous) in the form( ◦
LCC
)
left
∝
◦
N¯ γµPL
◦
K
◦
l . (275)
In terms of the renormalized quantities the right hand side of Eq.(275) reads
N¯LZ
ν 1
2
†
L γ
µ (KL + δKL)Z
l 1
2
L lL = N¯L
(
1 +
1
2
δZν†L
)
γµ (KL + δKL)
(
1 +
1
2
δZ lL
)
lL
= (JµL)CC + (δJ
µ
L)CC , (276)
where
(δJµL)CC = N¯Lγ
µ
(
1
2
δZν†L KL + δKL +
1
2
KLδZ
l
L
)
lL
= N¯Lγ
µ
(
1
2
δZν†L KL + δKL +
1
2
KLδZ
l
L
)
lL + N¯Lγ
µ
(
1
4
δZνLKL −
1
4
δZνLKL
)
lL
+ N¯Lγ
µ
(
1
4
KLδZ
l†
L −
1
4
KLδZ
l†
L
)
lL. (277)
Using the formulas (satisfied both for the bare and renormalized quantities):
KL = V
ν†
L V
l
L, (278)
V νLV
ν†
L = I, (279)
V lLV
l†
L = V
l†
L V
l
L = I, (280)
in one loop approximation one gets
◦
V
ν†
L
◦
V
l
L =
(
V ν†L + δV
ν†
L
) (
V lL + δV
l
L
)
= KL + V
ν†
L δV
l
L + δV
ν†
L V
l
L = KL + δV
ν†
L V
ν
LKL +KLV
l†
L δV
l
L
= KL + δKL, (281)
and thus
(δJµL)CC = N¯Lγ
µ
{
1
4
(
δZν†L + δZ
ν
L
)
KL +
1
4
KL
(
δZ lL + δZ
l†
L
)}
lL
+ N¯Lγ
µ
[
1
4
(
δZν†L − δZνL
)
+ δV ν†L V
ν
L
]
KLlL
+ N¯Lγ
µKL
[
1
4
(
δZ lL − δZ l†L
)
+ V l†L δV
l
L
]
lL. (282)
We may fix δV ν†L and δV
ν
L by requiring that the antihermitian part in Eq.(282) (i.e. the terms in square brackets)
vanishes:
δV ν†L = −
1
4
(
δZν†L − δZνL
)
V ν†L , (283)
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δV νL = −
1
4
V νL
(
δZνL − δZν†L
)
. (284)
The same procedure used for the right part of the neutral current Lagrangian yields similar expressions for δV νR
and δV ν†R :
δV ν†R = −
1
4
(
δZν†R − δZνR
)
V ν†R , (285)
δV νR = −
1
4
V νR
(
δZνR − δZν†R
)
. (286)
Let us consider now the left handed part of the unrenormalized neutral current interactions (for the right handed
part all formulas are analogous) in the form( ◦
LNC
)
left
∝
◦
N¯ γµPL
◦
ΩL
◦
N . (287)
Rewriting the right side of Eq.(287) in terms of renormalized quantities one gets
N¯LZ
ν 1
2
†
L γ
µ (ΩL + δΩL)Z
ν 1
2
L NL = N¯L
(
1 +
1
2
δZν†L
)
γµ (ΩL + δΩL)
(
1 +
1
2
δZνL
)
NL
= (JµL)NC + (δJ
µ
L)NC , (288)
with the following expression for (δJµL)NC
(δJµL)NC = N¯Lγ
µ
(
1
2
δZν†L ΩL + δΩL +
1
2
ΩLδZ
ν
L
)
NL
= N¯Lγ
µ
(
1
2
δZν†L ΩL + δΩL +
1
2
ΩLδZ
ν
L
)
NL + N¯Lγ
µ
(
1
4
δZνLΩL −
1
4
δZνLΩL
)
NL
+ N¯Lγ
µ
(
1
4
ΩLδZ
ν†
L −
1
4
ΩLδZ
ν†
L
)
NL. (289)
Applying the formula
ΩL = V
ν†
L V
ν
L (290)
satisfied for the bare and renormalized quantities, at the one loop level one obtains
◦
V
ν†
L
◦
V
ν
L =
(
V ν†L + δV
ν†
L
)
(V νL + δV
ν
L ) = ΩL + V
ν†
L δV
ν
L + δV
ν†
L V
ν
L = ΩL +ΩLV
ν†
L δV
ν
L + δV
ν†
L V
ν
LΩL
= ΩL + δΩL (291)
and further
(δJµL)NC = N¯Lγ
µ
{
1
4
(
δZν†L + δZ
ν
L
)
ΩL +
1
4
ΩL
(
δZνL + δZ
ν†
L
)}
NL
+ N¯Lγ
µ
[
1
4
(
δZν†L − δZνL
)
ΩL + δV
ν†
L V
ν
LΩL
]
NL
+ N¯Lγ
µ
[
1
4
ΩL
(
δZνL − δZν†L
)
+ΩLV
ν†
L δV
ν
L
]
NL. (292)
57
It is easy to see that after using the formulas from Eq.(283) and Eq.(284), the antihermitian part in Eq.(292) (i.e.
the terms written in square brackets) cancels, and when the mixing matrices for the charged currents KL, KR are
renormalized the matrices ΩL,R are renormalized as well.
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V Renormalization of the Z - two Majorana
neutrinos vertex (Z1NiNj) in the frame of
the left - right symmetric model.
In the previous Chapter the method to renormalize the left - right symmetric model was presented. Analyzing the
procedure, it is easy to realize that the expressions used for renormalization of the left - right symmetric model are
much more complicated than for SM. First of all, there are more fields (and what follows more masses) that have
to be renormalized. More particles in the model means more Feynman diagrams one has to take into account when
calculating processes. Furthermore, additional renormalization conditions for new free parameters (φ, ξ, ΩL,R, KL,R)
must be imposed.
To have a good test whether the method developed in Chapter IV works a cancelation of the infinite part (ultraviolet
divergences) in the Z1NiNj vertex in the next section is verified. In Chapter 5.1 the general renormalization scheme
for the Z1NiNj vertex is presented. Then, in Chapter 5.2 the calculation of the necessary renormalization constants
is performed. Finally, in Chapter 5.3 the numerical calculations for the Z1NiNj vertex are described.
5.1 THE GENERAL SCHEME - DEFINITIONS OF THE COUNTER TERMS.
Having the definitions of renormalization constants and appropriate renormalization conditions we can go to the
renormalization of the Z1NiNj vertex
Z1
µ
νi νj
= ΓµZ1νiνj
As usually, the full Z1NiNj vertex is the sum of the counter term part and proper vertex of all the Feynman
diagrams
ΓµZ1NiNj = ieγ
µ
(
Γ
Z1NiNj
CT + Γ
Z1NiNj
D
)
. (293)
We can decompose the counter term part into left and right components
Γ
Z1NiNj
CT ≡ (PL(CT )L + PR(CT )R) . (294)
The following bare Lagrangian (see Eq.(97,98)) contributes to the Z1NiNj vertex
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◦
LZ1νiνj=
◦
e
2
◦
sin ΘW
◦
cos ΘW
∑
a,b
{ ◦
N¯a γ
µPL
( ◦
A1νL (
◦
ΩL)ab−
◦
A1νR (
◦
ΩR)ba
)
◦
N b
◦
Z1µ +
◦
N¯a γ
µPR
( ◦
A1νR (
◦
ΩR)ab−
◦
A1νL (
◦
ΩL)ba
)
◦
Nb
◦
Z1µ +
◦
N¯a γ
µPL
( ◦
A2νL (
◦
ΩL)ab−
◦
A2νR (
◦
ΩR)ba
)
◦
N b
◦
Z2µ +
◦
N¯a γ
µPR
( ◦
A2νR (
◦
ΩR)ab−
◦
A2νL (
◦
ΩL)ba
)
◦
Nb
◦
Z2µ
}
. (295)
To be consistent with the definitions of renormalization constants from section 4.1.3, the couplings A1,2νL,R should be
taken in the form:
◦
A1νL =
◦
cos φ−
√
1− ◦cos2 φ
◦
sin
2
ΘW√
1− 2
◦
sin
2
ΘW
, (296)
◦
A1νR = −
√
1− ◦cos2 φ 1−
◦
sin
2
ΘW√
1− 2
◦
sin
2
ΘW
, (297)
◦
A2νL =
√
1− ◦cos2 φ + ◦cos φ
◦
sin
2
ΘW√
1− 2
◦
sin
2
ΘW
, (298)
◦
A2νR =
◦
cos φ
1−
◦
sin
2
ΘW√
1− 2
◦
sin
2
ΘW
. (299)
After transformation to the renormalized quantities, (including renormalization of the mixing matrices ΩL,R) the
following form of (CT )L and (CT )R is obtained from Eq.(295):
(CT )L =
1
sin 2ΘW
{[
δY − δGΘW
1− 2 sin2ΘW
cos2ΘW
+ δZ
1
2
Z1Z1
+ δGϕ
]
cosϕ(ΩL)ji
+
[
δY + δGΘW
1− 2 sin4ΘW
cos2ΘW (1− 2 sin2ΘW )
+ δZ
1
2
Z1Z1
− δGϕ cot2 ϕ
]
× sinϕ− sin
2ΘW√
cos 2ΘW
(ΩL)ji
+
[
δY + δGΘW
−1 + 4 sin2ΘW − 2 sin4ΘW
cos2ΘW (1− 2 sin2ΘW )
+ δZ
1
2
Z1Z1
− δGϕ cot2 ϕ
]
× sinϕ cos
2ΘW√
cos 2ΘW
(ΩR)ij
+ Z
1
2
Z2Z1
[
cosϕ
sin2ΘW√
cos 2ΘW
+ sinϕ
]
(ΩL)ji − Z
1
2
Z2Z1
cosϕ
cos2ΘW√
cos 2ΘW
(ΩR)ij
+
[
1
2
∑
A
(
(δZ
ν 1
2
L )JA + (δZ
ν 1
2
L )
†
JA
)
(ΩL)Ai +
1
2
∑
B
(
(δZ
ν 1
2
L )BI + (δZ
ν 1
2
L )
†
BI
)
(ΩL)jB
]
×
(
cosϕ+ sinϕ
− sin2ΘW√
cos 2ΘW
)
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+[
1
2
∑
A
(
(δZ
ν 1
2
L )JA + (δZ
ν 1
2
L )
†
JA
)
(ΩR)iA +
1
2
∑
B
(
(δZ
ν 1
2
L )BI + (δZ
ν 1
2
L )
†
BI
)
(ΩR)Bj
]
×
(
sinϕ
cos2ΘW√
cos 2ΘW
)}
,
(300)
(CT )R = − 1
sin 2ΘW
{[
δY − δGΘW
1− 2 sin2ΘW
cos2ΘW
+ δZ
1
2
Z1Z1
+ δGϕ
]
cosϕ(ΩL)ij
+
[
δY + δGΘW
1− 2 sin4ΘW
cos2ΘW (1− 2 sin2ΘW )
+ δZ
1
2
Z1Z1
− δGϕ cot2 ϕ
]
× sinϕ− sin
2ΘW√
cos 2ΘW
(ΩL)ij
+
[
δY + δGΘW
−1 + 4 sin2ΘW − 2 sin4ΘW
cos2ΘW (1 − 2 sin2ΘW )
+ δZ
1
2
Z1Z1
− δGϕ cot2 ϕ
]
× sinϕ cos
2ΘW√
cos 2ΘW
(ΩR)ji
+ Z
1
2
Z2Z1
[
cosϕ
sin2ΘW√
cos 2ΘW
+ sinϕ
]
(ΩL)ij − Z
1
2
Z2Z1
cosϕ
cos2ΘW√
cos 2ΘW
(ΩR)ji
+
[
1
2
∑
A
(
(δZ
ν 1
2
R )JA + (δZ
ν 1
2
R )
†
JA
)
(ΩL)iA +
1
2
∑
B
(
(δZ
ν 1
2
R )BI + (δZ
ν 1
2
R )
†
BI
)
(ΩL)Bj
]
×
(
cosϕ+ sinϕ
− sin2ΘW√
cos 2ΘW
)
+
[
1
2
∑
A
(
(δZ
ν 1
2
R )JA + (δZ
ν 1
2
R )
†
JA
)
(ΩR)Ai +
1
2
∑
B
(
(δZ
ν 1
2
R )BI + (δZ
ν 1
2
R )
†
BI
)
(ΩR)jB
]
×
(
sinϕ
cos2ΘW√
cos 2ΘW
)}
. (301)
There is a symmetry between the left and the right part of the Lagrangian that allows us to check the cancelation
of the infinite part only for one (left or right) component. In the section 5.3 the calculations for the left - handed part
of Z1NiNj vertex are described.
5.2 CALCULATION OF THE RENORMALIZATION CONSTANTS.
In this section the calculations (in one loop approximation ) of the renormalization constants indispensable for
renormalization of the Z1NiNj vertex are presented. All calculations are performed in the Feynman gauge (ξ = 1).
5.2.1 Calculation of the renormalization constants for gauge bosons.
i) The renormalization constant Z
1
2
Z1Z1
.
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The Z
1
2
Z1Z1
constant is obtained from renormalization condition (see Eq.(247))
AZ1′
(
M2Z1
)
= 0. (302)
After taking the counter term from Eq.(241) and splitting AZ1
(
k2
)
into counter term part AZ1CT
(
k2
)
and
Feynman diagram component AZ1D
(
k2
)
, Eq.(302) leads to∑
n
AZ1′Dn
(
M2Z1
)− 2Z 12Z1Z1 = 0⇒ Z 12Z1Z1 = 12∑
n
AZ1′Dn
(
M2Z1
)
, (303)
where the sum in Eq.(303) is over all Feynman diagrams that contribute to the Z1 - Z1 Green function (see Fig.
1).
Z 1,2
Z 1,2
= vb va +Σ
a,b
la la +Σ
a
W+,-1,2 W
+,-
1,2
+
Z1,2 H
o
,
+
Ho1,2,3
W+,-1,2 H
+,-
1,2,
+
G+,-1,2
Ho, Ao1,
Ho1,2 G
o
1,2
+
Ho3 A
o
2 
+
H+,-2 ,
+
H+,-2 ,
G+,-1,2G
+,-
1,2 +
H+,-1H
+,-
1 δ++,--L δ++,--L
+
δ++,--R δ++,--R
+
c
-,+
1,2 c
+,-
1,2
W+,-1,2
++
Ho, Ho1,2,3,
+
Ao1,2, G
o
1,2
H+,-1,2,G
+,-
1,2
+
δ++,--L,R
Fig.1
The Z1,2 − Z1,2 one loop Green functions.
ii) The renormalization constant Z
1
2
AA.
Taking the counter term from Eq.(244) and renormalization condition ( Eq.(247))
AA′(0) = 0, (304)
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one gets the following expression for Z
1
2
AA
Z
1
2
AA =
1
2
∑
n
AA′Dn(0). (305)
Similarly like for Z
1
2
Z1Z1
the sum in Eq.(305) is over all Feynman diagrams that contribute to the A - A Green
function (see Fig. 2).
A, Z1,2
A
= vb va +Σ
a,b
la la +Σ
a
W+,-1,2 W
+,-
1,2
+
W+,-1,2 H
+,-
1,2,
+
G+,-1,2
H+,-2 ,
+
H+,-2 ,
G+,-1,2G
+,-
1,2
H+,-1H
+,-
1
δ++,--L δ++,--L
++
δ++,--R δ++,--R
+
c
-,+
1,2 c
+,-
1,2
+
W+,-1,2
+
H+,-1,2,G
+,-
1,2
+
δ++,--L,R
Fig.2
The A− A,Z1,2 one loop Green functions. The summation is over the neutrino (Na, Nb) and the charged lepton flavors
(la).
iii) The renormalization constant Z
1
2
Z1A
.
From the counter term Eq.(245) and renormalization condition ( Eq.(247))
AZ1A(0) = 0, (306)
the following expression for Z
1
2
Z1A
is obtained
Z
1
2
Z1A
= − 1
M2Z1
∑
n
AZ1ADn (0). (307)
The diagrams contributing to Z1 - A Green function are presented in Fig. 2.
iv) The renormalization constant Z
1
2
Z2A
.
Taking the counter term from Eq.(246) and renormalization condition ( Eq.(247))
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AZ2A(0) = 0, (308)
one gets
Z
1
2
Z2A
= − 1
M2Z2
∑
n
AZ2ADn (0). (309)
The diagrams contributing to Z2 - A Green function are the same as for Z1 - A (see Fig. 2).
v) The renormalization constant Z
1
2
AZ1
.
From the counter term from Eq.(245) and renormalization condition ( Eq.(247))
AZ1A
(
M2Z1
)
= 0, (310)
the following expression for Z
1
2
AZ1
is obtained
Z
1
2
AZ1
=
1
M2Z1
∑
n
AZ1ADn
(
M2Z1
)
. (311)
The sum in Eq.(311) is also over diagrams presented in Fig. 2.
vi) The renormalization constant Z
1
2
Z2Z1
.
Taking the counter term from Eq.(243) and renormalization condition ( Eq.(247))
AZ1Z2
(
M2Z1
)
= 0, (312)
one gets
Z
1
2
Z2Z1
=
1
M2Z1 −M2Z2
∑
n
AZ1Z2Dn
(
M2Z1
)
. (313)
The sum is over diagrams given in Fig. 1.
5.2.2 Calculation of the renormalization constants for fermions.
First of all, one should notice that renormalization constants for fermions occur in ΓeeACT (Eq.(267)) and (CT )L
(Eq.(300)) only in combination
δZ
1
2
L,R + δZ
1
2
†
L,R. (314)
Hence, it is sufficient to find the expression for all terms from Eq.(314) not worrying about the form of particular
elements. Furthermore, for the infinite part of AijL , A
ij
R , B
ij
L , B
ij
R the following relations take place:
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AijL (m
2
j) = A
ij
L (m
2
i ) ≡ AijL ,
AijR(m
2
j) = A
ij
R(m
2
i ) ≡ AijR ,
BijL (m
2
j) = B
ij
L (m
2
i ) ≡ BijL ,
BijR (m
2
j) = B
ij
R (m
2
i ) ≡ BijR . (315)
Using renormalization condition from Eq.(259) and counter term given in Eq.(257) one obtains:[(
δZ
1
2
L
)
ij
+
(
δZ
1
2
†
L
)
ij
]
infinite part
= −2BijL , (316)[(
δZ
1
2
R
)
ij
+
(
δZ
1
2
†
R
)
ij
]
infinite part
= −2BijR . (317)
Here indices i, j mean the charged lepton and neutrino flavors separately, and i = j or i 6= j. As usually index D
means the Feynman diagrams contribution. The electron and neutrino self energy diagrams are presented in Fig. 3
and Fig. 4 respectively.
e
-
e
-
=
Z1,2, A
e
-
+
W-1,2
Na
+Σa Σa
H-1,2,G
-
1,2
Na
+
Σa
δ--L, δ--R
l+a Σa
Ho, Ho1,2, A
o
1, G
o
1,2
l-a
+
Fig.3
The electron one-loop self energy diagrams.
Ni Nj
=
Z1,2, A
Na
+Σa
W+,-1,2
l-,+a
+Σa Σa
H+,-1,2,G
+,-
1,2
l-,+a
+
Σa
Ho, Ho1,2,3, A
o
1,2, G
o
1,2
Na
65
Fig.4
The neutrino one-loop self energy diagrams.
5.2.3 Calculation of the renormalization constant for charge.
Having renormalization constants for gauge bosons and fermions, the renormalization constant for charge (Y) can
be easily calculated from renormalization condition Eq.(265). The ΓeeACT component of Γ
µ
eeA is given in Eq.(267). The
diagrams contributing to ΓeeAD are shown in Fig. 5.
e
-
e
-
Aµ
=
Z1,2, A
e
-
e
-
+
νa
+
W-1,2 W
-
1,2
Σa
νaΣa
H-2, H
-
2,G
-
1,2; G
-
1,2;
H-1 H
-
1
l+aΣa
δ--L; δ--L;
δ--R δ--R
++ Σa
Ho, Ho1,2, A
o
1, G
o
1,2
l-a l
-
a
+ Σa
δ--L, δ--R
l+a l
+
a
νaΣa
W-1,2 H
-
1,2, G
-
1,2
+
Fig.5
The one-loop diagrams for the Aee vertex.
5.2.4 Calculation of the renormalization constants for mixing angles φ and ΘW .
Using renormalization constants for gauge bosons, fermions and charge, the renormalization constants δGφ and
δGΘW are obtained from renormalization condition Eq.(269). The Γ
eeZ1
CT component of Γ
µ
eeZ1
is presented in Eq.(271).
The diagrams contributing to ΓeeZ1D are shown in Fig. 6.
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e
-
e
-
Z1
µ
=
Z1,2, A
e
-
e
-
+
W-1,2
νa νb
+Σa,b
νa
W-1,2 W
-
1,2
Σa
νa
+Σa
H-2, H
-
2,G
-
1,2; G
-
1,2;
H-1 H
-
1
+
l+a
+Σa
δ--L; δ--L;
δ--R δ--R
l+aΣa
Ho, Ho1,2 A
o
1, G
o
1,2
Σa,b
H-1,2,G
-
1,2
νa νb
++ Σa
δ--L, δ--R
l+a l
+
a
+ Σa
Ho, Ho1,2, A
o
1, G
o
1,2
l-a l
-
a
νaΣa
W-1,2 H
-
1,2, G
-
1,2
+
l-aΣa
Z1,2; H
o
, Ho1,2,3
Fig.6
The one-loop diagrams for the Z1ee vertex.
5.3 INFINITE PART OF THE Z1NINJ VERTEX AND RENORMALIZATION.
As it was already mentioned in Chapter 5.1, the symmetry between the left and the right part of the Lagrangian
allows us to check the cancellation of the infinite part only for one (left or right) component of the ΓµZ1NiNj . For further
consideration the left part has been chosen. Therefore, the following equation had to be verified (see Eq.(293,294))
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[(
ΓµZ1NiNj
)
L
]
infinite part
= ieγµ
[(
Γ
Z1NiNj
CT
)
L
+
(
Γ
Z1NiNj
D
)
L
]
infinite part
= ieγµ
[
PL(CT )L +
(
Γ
Z1NiNj
D
)
L
]
infinite part
= 0. (318)
The diagrams contributing to Γ
Z1NiNj
D are shown in Fig. 7.
νi νj
Z1
µ
=
Z1,2, A
νa νb
+Σa,b
W+,-1,2
l-,+a l
-,+
a
+Σa
l-,+a
W+,-1,2 W
+,-
1,2
Σa
l-,+a
+Σa
H+,-2 , H
+,-
2 ,G
+,-
1,2; G
+,-
1,2;
H+,-1 H
+,-
1
+
νa
+Σa
Ho, Ho1,2; A
o
1, G
o
1,2;
Ho3 A
o
2 
Σa
H+,-1,2,G
+,-
1,2
l-,+a l
-,+
a
Σa,b
Ho, Ho1,2,3, A
o
1,2, G
o
1,2
νa νb
++
l-,+aΣa
W+,-1,2 H
+,-
1,2, G
+,-
1,2
νaΣa
Z1,2; H
o
, Ho1,2,3
Fig.7
The one-loop diagrams for the Z1NiNj vertex.
As the first step of the calculations, the dimensional regularization for all necessary two and three point functions
has been performed. Then, all needed couplings have been derived (see Figs.1-7), and the infinite part of all necessary
renormalization constants and diagrams contributing to Z1NiNj vertex have been calculated. Since neutrinos are
Majorana particles, little more complicated techniques must have been applied during the calculation of the diagrams
(see [48]). Finally, a numerical calculation (with the help of ”Mathematica” program) has been performed, proving the
validity of Eq.(318). From the technical side it is worth noting that the infinite part of the renormalization constant
for charge (Y ) has been found to be zero. Moreover, the calculations would not change if the Z
1
2
Z2Z1
constant were
held as a variable (i.e. without putting its explicit value).
68
VI Summary
The on mass shell scheme has been used to renormalize the manifest left-right symmetric model. We have given
general conditions to renormalize the bulk of physical fields which enter the model. Also nonstandard parameters
(φ, ξ,ΩL,R,KL,R), connected with neutral and charged, left and right handed currents have been discussed and
renormalized. Consistency of the scheme has been checked using the Z1NiNj vertex (cancelations of infinities).
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II. Renormalization.
In this chapter we present the denitions of all renormalization constants and the on mass shell scheme.
The way how to calculate all counter terms for tadpoles, two and three point functions are given.
I RENORMALIZATION OF THE TADPOLES
A Denitions of the renormalization constants
Ho, H1
o
, H2
o
, H3
o
, A1
o
, A2
o
= tadpoles,

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PACS number(s): 13.15.-f, 12.15.Cc,14.60.Gh
Part I
Model at the tree level.
For consistency we have written down below the full Lagrangian at the tree level we use. As stated in this section we
use the model where
(i) manifest-left right symmetry (Eq.(23));
(ii) g
L
= g
R
;
(iii) Higgs sector is simplied
(iv) ......
I STRUCTURE OF THE LAGRANGIAN OF THE THEORY
A Fermion and gauge elds
In the SU (2)
L

 SU (2)
R

 U (1)
B L
gauge model quarks (Q) and leptons (L) are placed in doublets
L
iL
=


i
l
 
i

L
: (2; 1; 1); L
iR
=


i
l
 
i

R
: (1; 2; 1) (1)
Q
iL
=

u
i
d
i

L
: (2; 1; 1=3); Q
iR
=

u
i
d
i

R
: (1; 2; 1=3) (2)
i=1,2,3 running over number of generations. In paranthesis quantum numbers connected with
SU (2)
L
,SU (2)
R
,U (1)
B L
groups respectively are assigned. The quantum number for U (1)
B L
gauge group is obtained
by means of particles' charge identication

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B Higgs sector of the theory
In order to produce fermion mass matrices we need the following Higgs multiplets (again as, in the fermion case, in
paranthesis quantum numbers (T
3L
; T
3R
; Y
B L
) are given)
 =


0
1

+
1

 
2

0
2

:

1
2
;
1
2

; 0

; (13)
~
 = 
2



2
:

1
2
;
1
2

; 0

(14)
with gauge transformation

0
=
h
e
 ig
L
~
2
~
(x)

 e
ig
R
~
2
~
(x)

 1
B L
i
: (15)
Consequently the most general Yukawa Lagrangian is given by
L
Y
=
X
	=Q;L

	
L

h+
~
h
~


	
R
+ h:c: (16)
However, bidoublet  is not sucient for breaking SU (2)
L

 SU (2)
R

 U (1)
B L
gauge group to the standard
SU (2)
L

U (1) one. This is because after SSB <  >=


1
0
0 
2

symmetry is broken to U (1)
U (1) gauge group.
Explicitly
Y <  > = 0 (17)
(T
3L
+ T
3R
) <  > =

Q 
Y
2

<  >= 0: (18)
There are however other possibilities to break this gauge group to the SM one [?]. Among them the most popular
is breaking using Higgs triplets (
L
 (3; 1; 2), 
R
 (1; 3; 2)) in addition to the bidoublet 

L;R
=
 

+
L;R
=
p
2 
++
L;R

0
L;R
 
+
L;R
=
p
2
!
: (19)
This Higgs sector leads to appropriate gauge symmetry breaking by the chain
SU (2)
L

 SU (2)
R

 U (1)
B L
v
R
! SU (2)
L

 U (1)
Y

1
;
2
;v
L
 ! U (1)
em
:
(20)
This will be shown in the next Section.
Now we can build the kinetic part of the Lagrangian
L = Tr
h
(D


L
)
y
(D


L
)
i
+ Tr
h
(D


R
)
y
(D


R
)
i
+ Tr
h
(D

)
y
(D

)
i
: (21)
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II LAGRANGIAN IN THE PHYSICAL BASIS
In the previous section we've introduced the full Lagrangian with scalar, fermion and gauge elds. Now we will nd
transformation of these elds to physical basis.
A The physical elds
1. Gauge bosons
Masses of gauge bosons are obtained from the Lagrangian Eq.(21)
The charged

W

L
=
1
p
2
(W

1L
 iW

2L
);W

R
=
1
p
2
(W

1R
 iW

2R

and neutral (W

3L
;W

3R
; B

) gauge boson mass
matrices
~
M
2
W
;
~
M
2
0
are the following
~
M
2
W
=
g
2
4


2
+
 4
1

2
 4
1

2

2
+
+ 2v
2
R

~
M
2
0
=
0
B
@
g
2
2

2
+
 
g
2
2

2
+
0
 
g
2
2

2
+
g
2
2
(
2
+
+ 4v
2
R
)  4gg
0
v
2
R
0  4gg
0
v
2
R
4g
02
v
2
R
1
C
A
: (28)
These mass matrices are diagonalized by the unitary transformation for charged gauge bosons

W

L
W

R

=

cos sin
 sin cos

=

W

1
W

2

(29)
and by orthogonal transformation in neutral sector
0
@
W
3L
W
3R
B
1
A
=
0
@
c
w
c c
w
s s
w
 s
w
s
m
c  c
m
s  s
w
s
m
s + c
m
c c
w
s
m
 s
w
c
m
c+ s
m
s  s
w
c
m
s  s
m
c +c
w
c
m
1
A
0
@
Z
1
Z
2
A
1
A

0
@
x
1
x
2
x
3
y
1
y
2
y
3
v
1
v
2
v
3
1
A
0
@
Z
1
Z
2
A
1
A
(30)
where
s(c)
w
 sin(cos); s(c)  sin(cos);
c
m

p
cos 2
cos 
; s
m
 tan;
g =
e
sin
; g
0
=
e
p
cos 2
5
L
= U
L
n^
c
L
 U
L
(P
L
N );

R
= U
R
n^
R
 U
R
(P
R
N );
(40)
The mass matrix for charged leptons is
~m
l
=
1
p
2

h
1
+
~
h
2

; (41)
and is diagonalized by the biunitary transformation
U
l
L
y
~m
l
U
l
R
= m
l
(42)
where m
l
is a diagonal, positive 3 3 matrix and unitary matrices U
l
L;R
yield the physical lepton elds
^
l =
^
l
L
+
^
l
R
,
l
L;R
= U
l
L;R
^
l
L;R
: (43)
The Yukawa interaction for quarks equal
L
q
Y ukawa
=
X
Q
L
;Q
R

Q
L
h
h
q
+
~
h
q
~

i
Q
R
+ h:c: (44)
Charge conservation does not allow for Majorana terms (Eq.30) to be present here.
After SSB we get
L
q
mass
=  M
u
u
L
u
R
 M
d

d
L
d
R
(45)
where
M
u
=
1
p
2

h
q

1
+
~
h
q

2

; M
d
=
1
p
2

~
h
q

1
+ h
q

2

: (46)
Dening physical states
u
L;R
= V
u
L;R
u^
L;R
; (47)
d
L;R
= V
d
L;R
^
d
L;R
(48)
we have
M
diag
u
= (m
u
;m
c
;m
t
)
diag
= V
u
L
y
M
u
V
u
R
; (49)
M
diag
d
= (m
d
;m
s
;m
b
)
diag
= V
d
L
y
M
d
V
d
R
: (50)
3. Higgs particles
Minimalization of the Higgs potential gives us relation between physical and gauge Higgses, too



=
p

2
1
 
2
2

7
B Interactions among physical elds
1. Gauge boson - fermion interactions
Leptons
The charged current Lagrangian (Eq.10)
L
CC
=
g
p
2



P
L
W
+
L
+ P
R
W
+
R

l + h:c: (64)
converted to the physical one is following (Eqs.(39),(42),(28))
L
CC
=

N


A
(1)
L
P
L
+A
(1)
R
P
R

^
lW
+
1
+

N


A
(2)
L
P
L
+A
(2)
R
P
R

^
lW
+
2
+ h:c:; (65)
where
A
(1)
L
=
e
p
2 sin 
cos K
L
; A
(1)
R
=  
e
p
2 sin 
sin K
R
;
A
(2)
L
=
e
p
2 sin 
sin K
L
; A
(2)
R
=
e
p
2 sin 
cos K
R
;
and K
L
(K
R
) are 6 3 mixing matrices
K
L
= U
y
L
U
l
L
; K
R
= U
y
R
U
l
R
: (66)
Similarely the neutral current Lagrangian in the L-R model is given by
L
NC
=
e
2 sin
W
cos 
W
[J

1
Z
1
+ J

2
Z
2
]  eJ

em
A

; (67)
where J

em
=

l

l and neutral currents J

1;2
are equal
J

i
=

l


A
il
L
P
L
+A
il
R
P
R

l + 


A
i
L


L
P
L
+ A
i
R


R
P
R

; (68)
where


L
= U
y
L
U
L
; 

R
= U
y
R
U
R
;
A
1l
L
= cos  g
e
L
+ sin g
0
e
L
; A
1
L
= cos + sin g
0
e
L
A
1l
R
= cos  g
e
R
+ sin g
0
e
R
; A
1
R
= sin g
0

R
;
A
2l
L
= cos 

 g
0
e
L

+ sin g
e
L
; A
2
L
= cos 

 g
0
e
L

+ sin;
A
2l
R
= cos 

 g
0
e
R

+ sin g
e
R
; A
2
R
= cos 

 g
0

R

;
(69)
and
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2. Gauge-Gauge three and four interactions
This Lagrangian is dened in Eq.(28) and can be written in physical basis taking into account Eqs.(28),(29).
L
3;4
g
=  ig

@

W
 
1
 
sin
2
 W
+
1
  cos  sin  W
+
2

(y
1
Z
1
+ y
2
Z
2
+ y
3
A

)
 
 
sin
2
 W
+
1
  cos  sin  W
+
2

(y
1
Z
1
+ y
2
Z
2
+ y
3
A

)

  h:c:
+ @
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W
 
2
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  cos  sin  W
+
1
+ cos
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 W
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
(y
1
Z
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+ y
2
Z
2
+ y
3
A

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 
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  cos  sin  W
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1
+ cos
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1
Z
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2
Z
2
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3
A

)

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  g
2
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sin
2
 W
 
1
W
+
1
  cos  sin 
 
W
+
1
W
 
2
+W
 
1
W
+
2

+ cos
2
 W
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2
W
 
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
 (y
1
Z

1
+ y
2
Z
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2
+ y
3
A

) (y
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Z
1
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2
Z
2
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3
A

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 
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sin
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 W
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1
W
 
1
  cos  sin 
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+
1
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2
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
+ cos
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W
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1
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2
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
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2
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3
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
)g
  ig

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Z

1
+ y
2
Z

2
+ y
3
A

)

sin
2

 
 W
+
1
W
 
1
+W
 
1
W
+
1

  cos  sin 
 
 W
+
2
W
 
1
+W
 
2
W
+
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 W
+
1
W
 
2
+W
 
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W
+
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+ cos
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
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+
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W
 
2
+W
 
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W
+
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+
1
2
g
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sin
4

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W
 
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W
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+
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 cos 
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W
+
1
W
+
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+
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mN
b
denotes neutrino masses, three light (b=1,2,3) and three heavy (b=4,5,6). The parameters A
0
; B
0
; A

and B

denote the combination of the Higgs elds
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The right-handed triplet interaction with leptons is
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where the rst two parts are given by
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and
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Since v
L
= 0, the interaction of the left-handed triplet can not be simple obtained by taking R! L in Eqs. (81,82).
To get this interaction we use relation h
L
= h
R
6= 0. Then
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0
L
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R
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1
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and
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The matrix X is given by
X
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=
X
c

U
y
R
U
L

T
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m
N
c

U
y
R
U
L

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= X
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: (85)
The quark part of the Yukawa lagrangian is the following
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where;
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We can dene new Goldstone elds using the ortogonal transformations;
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Applying above denition of the Goldstons elds for the gauge xing Lagrangian one gets;
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Now we can establish Fadeev-Popov Lagrangian of the theory. First using auxilary elds B
3
L;R
; B

L;R
; B
B
we can
change L
GF
to the form
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Because auxilary elds B
3
L;R
; B

L;R
; B
B
under BRS transformations give zero

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the F-P Lagrangian is explicitly as follow
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Putting for ghost elds c
3
L;R
; c
4
the same transformations as for gauge bosons (Eqs.(2.1.2),(2.1.3)), namely
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and
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we get all elds in physical terms. Masses of ghost elds are
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2
m
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Finally let's write forms of propagators
 Ghost elds
i(p) =
 1
p
2
  M
2
i
+ i"
; where M
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=
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
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W
2
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
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M
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for c
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(102)
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Part II
Renormalization procedure.
In this chapter we present denitions of renormalization constants on the mass shell scheme. The way how to calculate
all counter terms for tadpoles, two and three point functions are given. Because unphysical particles do not appear in
the external lines, we may impose any renormalization conditions for them thus we do not include them. Practically,
it is convienient to use the minimal subtraction procedure (see [1]).
IV RENORMALIZATION OF TADPOLES
Lorentz invariance prevents tadpoles for elds other than scalar ones. Thus if the diagram
= ti
denotes tadpole t
i
(i = H
0
;H
0
1
;H
0
2
;H
0
3
; A
0
1
; A
0
2
) and the diagram
= Ti
is an appropriate counter term T
i
the renormalization conditions t
i
+ T
i
= 0 give renormalization constants T
i
.
V RENORMALIZATION CONDITIONS AND COUNTER TERMS FOR TWOPOINT FUNCTIONS
A Denitions of the renormalization constants
All quantities below with (without) sux 0 denote bare (renormalized) ones. Capital "IJ" (small "ij") indices
represent up (down) fermions in the left and right handed doublets. For abbreviation we denote neutral physical
Higgses (i = H
0
;H
0
1
;H
0
2
;H
0
3
; A
0
1
; A
0
2
) using i; j indices (e.g. Z
1
2
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's in Eq.(..)), single charged Higgses H

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without `
0
prex (e.g. Z
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H
+
1
H
+
2
 Z
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H
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H
2
) and analogically we treat doubly charged Higgses (e.g. Z
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
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L

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R
 Z
1
2

L

R
).
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(110)
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f
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f
 G
2
f
m
2
f
f = leptons, quarks: (136)
B Renormalization conditions and counter terms
1. Gauge-bosons.
In all the following pictures in this section the diagram
represents n-loop self-energy contribution, whereas
is an appropriate counter term. `k' stands for the particle momentum.
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These equations allow us to calculate six renormalization constatnts (prime prex in the renormalization conditions
below means dierentiation over k
2
).
Renormalization conditions Renormalization constants
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Renormalization conditions Renormalization constants
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In this case 6 renormalization constants are xed.
Renormalization conditions Renormalization constants
F
H
i
H
i
(M
2
H
i
) = 0
F
0
H
i
H
i
(M
2
H
i
) = 0
F
H
i
H
j
(M
2
H
i
) = 0
F
H
i
H
j
(M
2
H
j
) = 0
9
>
>
=
>
;
)
Z
1
2
H
1
H
1
; Z
1
2
H
2
H
2
; Z
1
2
H
1
H
2
; Z
1
2
H
2
H
1
; M
2
H
1
; M
2
H
2
(140)
Finally, 6 renormalization constants connected with doubly charged Higgses can be found.
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i j
=
K
ij
1
(k
2
)1 +K
ij
5
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2
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5
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k +K
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5
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+ m
a
)(Z
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 
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1
2
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R
)
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a
+ m
a
)(Z
1
2
L
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1
2
+
L
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a
+ m
a
)(Z
1
2
R
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+
1
2
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1
2
+
R
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a
+ m
a
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1
2
L
)
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
+
b
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
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2
(Z
1
2
+
L
)
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1
2
L
)
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+
1
2
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1
2
+
R
)
ia
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1
2
R
)
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
+
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
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(Z
1
2
+
L
)
ia
(Z
1
2
L
)
aj
+
1
2
(Z
1
2
+
R
)
ia
(Z
1
2
R
)
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
:
Taking renormalization conditions
i = j :
8
>
>
<
>
>
:
K
ii
1
(m
2
i
) +m
i
K
ii

(m
2
i
) = 0
K
ii
5
(m
2
i
) = 0
K
ii
5
(m
2
i
) = 0
h
@
@
b
k
(K
ii
1
(k
2
) +
b
kK
ii

(k
2
))
i
b
k
=m
i
= 0
(142)
i > j :
8
>
>
<
>
>
:
K
ij
1
(m
2
j
) +m
j
K
ij

(m
2
j
) = 0
K
ij
5
(m
2
j
)  m
j
K
ij
5
(m
2
j
) = 0
K
ij
1
(m
2
i
) +m
i
K
ij

(m
2
i
) = 0
K
ij
5
(m
2
i
) +m
i
K
ij
5
(m
2
i
) = 0
(143)
78 renormalization constants can be found.
VI RENORMALIZATION OF THE REMAINING PARAMETERS
A Denitions of the renormalization constants
There are more free parameters in the Left-Right Symmetric Model than in the S.M. (cos'; sin ;

L;R
;K
L;R
). Thus
more renormalization condition must be introduced. We dene the renormalization constants for remainig parameters
as follow
29
where
(Z
L;R
)
ee
= (Z
1
2
L;R
)
ee
+ (Z
1
2
+
L;R
)
ee
(154)
2. The renormalization constant G

.
One can determine the G

constant from the W
1

i
e vertex for example;
W1
+µ
e
- νi
= Γµνi eW
Renormalization conditions Renormalization constants
u(m
e
) 


i
eW
1
u(m
e
) j
k

=M
W
1
= 0 ) G

: (155)
where
 


i
eW
1
= ie


 

i
eW
1
CT
+  

i
eW
1
D

(156)
and
 

i
eW
1
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=
cos 
p
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(

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1
2
W
1
W
1
  G

  G

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
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2


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+
1
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X
A

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L
)
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+ (Z
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+
L
)
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+
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X
b

(Z
l
1
2
L
)
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+ (Z
l
1
2
+
L
)
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
(K
L
)
Ib
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1
2
W
2
W
1
sin 
p
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(K
L
)
Ie
)
P
L
 
sin 
p
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(
h
Y + Z
1
2
W
1
W
1
  G

+ G

i
(K
R
)
Ie
+
1
2
X
A

(Z
1
2
R
)
IA
+ (Z
1
2
+
R
)
IA

(K
R
)
Ae
+
1
2
X
b

(Z
l
1
2
R
)
be
+ (Z
l
1
2
+
R
)
be

(K
R
)
Ib
+ Z
1
2
W
2
W
1
cos 
p
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(K
R
)
Ie

P
R
(157)
3. The renormalization constants G
'
; G

.
To determine the G
'
and G

renormalization constants we exploit an additional vertex - Z
1
e
 
e
 
;
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Let us rst concider the left handed part of the unrenormalized charged current interactions (for the right handed
part all formulas are analogous) in the form


N 

P
L

K

l
(162)
which in the renormalized quantities reads

N
L
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1
2
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L


(K
L
+ K
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)Z
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L
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L
+ K
L
)

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1
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L
)
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
L
)
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(163)
where
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L
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=
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N
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
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+
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L
Z
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+
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l
L
+

N
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

1
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Z
L
K
L
 
1
4
Z
L
K
L

l
L
+

N
L



1
4
K
L
Z
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L
 
1
4
K
L
Z
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L

l
L
: (164)
Using the formulas
K
L
= U
y
L
U
l
L
(165)
U
L
U
y
L
= I (166)
U
l
L
U
ly
L
= U
ly
L
U
l
L
= I; (167)
which are satised for the bar and renormalized quantities, for the one loop level we have

U
y
L

U
l
L
=

U
y
L
+ U
y
L

 
U
l
L
+ U
l
L

= K
L
+ U
y
L
U
l
L
+ U
y
L
U
l
L
= K
L
+ U
y
L
U
L
K
L
+K
L
U
ly
L
U
l
L
= K
L
+ K
L
(168)
and thus
(J

L
)
CC
=

N
L



1
4

Z
y
L
+ Z
L

K
L
+
1
4
K
L

Z
l
L
+ Z
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L


l
L
+

N
L



1
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
Z
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L
  Z
L

+ U
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L
U
L

K
L
l
L
+

N
L


K
L

1
4

Z
l
L
  Z
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L

+ U
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L
U
l
L

l
L
: (169)
Requiring that the antihermitean part vanish (i.e. the terms in square brackets) we may x U
y
L
and U
L
U
y
L
=  
1
4

Z
y
L
  Z
L

U
y
L
(170)
U
L
=  
1
4
U
L

Z
L
  Z
y
L

: (171)
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Part III
Renormalization of the Z
1

i

j
vertex.
VII THE GENERAL SCHEME
Having denitions of renormalization constants we can go to the main part of our work i.e. to the renormalization
of the Z
1

i

j
vertex;
Z1
µ
νi νj
= ΓµZ1νiνj
We can decompose the full Z
1

i

j
vertex in the two components, to the counter term part and to the contributions
from the diagrams
 

Z
1

i

j
= ie


 
Z
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
i

j
CT
+  
Z
1

i

j
D

(180)
where
 
Z
1

i

j
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 (P
L
(CT )
L
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R
(CT )
R
) : (181)
The following bar Lagrangian contributs to the Z
1

i

j
vertex
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
i

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P
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+
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
(182)
where

A
1
L
=

cos  
q
1 

cos
2


sin
2

q
1  2

sin
2

(183)

A
1
R
=  
q
1 

cos
2

1 

sin
2

q
1  2

sin
2

(184)

A
2
L
=
q
1 

cos
2
+

cos 

sin
2

q
1  2

sin
2

(185)
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VIII CALCULATIONS
Analizing the previous paragraphs it is easy to realize that expressions needed for the renormalizing Z
1

i

j
vertex
in the Left-Right Symmetric Model are much more complex than ones for the Standard Model. To have a good test
if the method really works we have decided to check the cancellation of the innity part in the Z
1

i

j
vertex. In fact
it was the most important task to do. If our calculations failed all work would be useless. We have made numarical
calculations using the "Mathematica" program, proving that all innities in the Z
1

i

j
vertex really cancell. Since the
full formulas (i.e. the nity and innity part) for renormalization costants take too much room we don't write them
explicitly in the article ( we plan to put all of them on the server). Here we show only the diagrams which contributs
to the propagators and to the vertices used for the renormalization of the Z
1

i

j
vertex;
A, Z1,2
A
= vb va +Σ
a,b
la la +Σ
a
W+,-1,2 W
+,-
1,2
+
W+,-1,2 H
+,-
1,2,
+
G+,-1,2
H+,-2 ,
+
H+,-2 ,
G+,-1,2G
+,-
1,2
H+,-1H
+,-
1
δ++,--L δ++,--L
++
δ++,--R δ++,--R
+
c
-,+
1,2 c
+,-
1,2
+
W+,-1,2
+
H+,-1,2,G
+,-
1,2
+
δ++,--L,R
Fig.1
The A   A;Z
1;2
bosons one loop self-energy diagrams. The summation is over the neutrino (
a
; 
b
) and the charged lepton
avors (l
a
).
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e
-
e
-
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µ
=
Z1,2, A
e
-
e
-
+
W-1,2
νa νb
+Σa,b
νa
W-1,2 W
-
1,2
Σa
νa
+Σa
H-2, H
-
2,G
-
1,2; G
-
1,2;
H-1 H
-
1
+
l+a
+Σa
δ--L; δ--L;
δ--R δ--R
l+aΣa
Ho, Ho1,2 A
o
1, G
o
1,2
Σa,b
H-1,2,G
-
1,2
νa νb
++ Σa
δ--L, δ--R
l+a l
+
a
+ Σa
Ho, Ho1,2, A
o
1, G
o
1,2
l-a l
-
a
νaΣa
W-1,2 H
-
1,2, G
-
1,2
+
l-aΣa
Z1,2; H
o
, Ho1,2,3
Fig.4
The one-loop diagrams for the Z
1
ee vertex.
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Renormalization of the left-right symmetric model
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Part I
Model at the tree level.
For consistency we have written down below the full Lagrangian at the tree level we use. As stated in this section we
use the model where
(i) manifest-left right symmetry (Eq.(23));...
(ii) g
L
= g
R
.....;
(iii) Higgs sector is simplied ....
(iv) ......
I STRUCTURE OF THE LAGRANGIAN OF THE THEORY
A Fermion and gauge elds
In the SU (2)
L

 SU (2)
R

 U (1)
B L
gauge model quarks (Q) and leptons (L) are placed in doublets
L
iL
=


i
l
 
i

L
: (2; 1; 1); L
iR
=


i
l
 
i

R
: (1; 2; 1) (1)
Q
iL
=

u
i
d
i

L
: (2; 1; 1=3); Q
iR
=

u
i
d
i

R
: (1; 2; 1=3) (2)
i=1,2,3 runs over number of generations. In paranthesis quantum numbers connected with SU (2)
L
,SU (2)
R
,U (1)
B L
groups respectively are assigned. The quantum number for U (1)
B L
gauge group is obtained by means of particles'
charge identication

This work was supported by Polish Committee for Scientic Researches under Grants Nos. 2252/2/91 and 2P30225206/93
B Higgs sector of the theory
In order to produce fermion mass matrices we need the following Higgs multiplets (again as, in the fermion case, in
paranthesis quantum numbers (T
3L
; T
3R
; Y
B L
) are given)
 =


0
1

+
1

 
2

0
2

:

1
2
;
1
2

; 0

; (13)
~
 = 
2



2
:

1
2
;
1
2

; 0

(14)
with gauge transformation

0
=
h
e
 ig
L
~
2
~
(x)

 e
ig
R
~
2
~
(x)

 1
B L
i
: (15)
Consequently the most general Yukawa Lagrangian is given by
L
Y
=
X
i

L
iL

h+
~
h
~


L
iR
+
X
i

Q
iL

h
q
+
~
h
q
~


Q
iR
+ h:c: (16)
However, bidoublet  is not sucient for breaking SU (2)
L

 SU (2)
R

 U (1)
B L
gauge group to the standard
SU (2)
L

U (1) one. This is because after SSB <  >=


1
0
0 
2

symmetry is broken to U (1)
U (1) gauge group.
Explicitly
Y <  > = 0 (17)
(T
3L
+ T
3R
) <  > =

Q 
Y
2

<  >= 0: (18)
There are other possibilities to break this gauge group to the SM one [?]. Among them the most popular is breaking
using Higgs triplets (
L
 (3; 1; 2), 
R
 (1; 3; 2)) in addition to the bidoublet 

L;R
=
 

+
L;R
=
p
2

++
L;R

0
L;R
 
+
L;R
=
p
2
!
: (19)
This Higgs sector leads to appropriate gauge symmetry breaking by the chain
SU (2)
L

 SU (2)
R

 U (1)
B L
v
R
! SU (2)
L

 U (1)
Y

1
;
2
;v
L
 ! U (1)
em
: (20)
This will be shown in the next Section.
Now we can build the kinetic part of the Lagrangian
L = Tr
h
(D


L
)
y
(D


L
)
i
+ Tr
h
(D


R
)
y
(D


R
)
i
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h
(D

)
y
(D

)
i
: (21)
where
D

 = @

  ig
L
~
W
L
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2
  ig
R
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2
~
W
R
;
D


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

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
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2
~
W
L
;
L

  ig
R

~
2
~
W
R
;
R

  ig
0
B


L;R
: (22)
3
A The physical elds
1. Gauge bosons
Masses of gauge bosons are obtained from the Lagrangian Eq.(21)
The charged and neutral gauge boson mass matrices
~
M
2
W
;
~
M
2
0
are the following (in basis

W

L
=
1
p
2
(W

1L
 iW

2L
);W

R
=
1
p
2
(W

1R
 iW

2R

and (W

3L
;W

3R
; B

), re-
spectively)
~
M
2
W
=
g
2
4


2
+
 4
1

2
 4
1

2

2
+
+ 2v
2
R

~
M
2
0
=
0
B
@
g
2
2

2
+
 
g
2
2

2
+
0
 
g
2
2

2
+
g
2
2
(
2
+
+ 4v
2
R
)  4gg
0
v
2
R
0  4gg
0
v
2
R
4g
02
v
2
R
1
C
A
: (27)
These mass matrices are diagonalized by the unitary transformation for charged gauge bosons

W

L
W

R

=

cos sin
 sin cos

=

W

1
W

2

(28)
and by orthogonal transformation in neutral sector
0
@
W
3L
W
3R
B
1
A
=
0
@
c
w
c c
w
s s
w
 s
w
s
m
c  c
m
s  s
w
s
m
s + c
m
c c
w
s
m
 s
w
c
m
c+ s
m
s  s
w
c
m
s  s
m
c +c
w
c
m
1
A
0
@
Z
1
Z
2
A
1
A

0
@
x
1
x
2
x
3
y
1
y
2
y
3
v
1
v
2
v
3
1
A
0
@
Z
1
Z
2
A
1
A
(29)
where
s(c)
w
 sin(cos); s(c)  sin(cos);
c
m

p
cos 2
cos 
; s
m
 tan;
g =
e
sin
; g
0
=
e
p
cos 2
2. Fermions
The Yukawa interaction for leptons has the following form
L
Y ukawa
 L
B
Y
+ L
L
Y
+ L
R
Y
=  

L
L
h
h+
~
h
~

i
L
R
 

L
L
Ci
2
h
L

L
L
L
 

L
R
Ci
2
h
R

R
L
R
(30)
and from left-right symmetry (23) we get
5
Ul
L
y
~m
l
U
l
R
= m
l
(41)
where m
l
is a diagonal, positive 3 3 matrix and unitary matrices U
l
L;R
yield the physical lepton elds
^
l =
^
l
L
+
^
l
R
,
l
L;R
= U
l
L;R
^
l
L;R
: (42)
The Yukawa interaction for quarks equal
L
q
Y ukawa
=
X
i

Q
iL
h
h
q
+
~
h
q
~

i
Q
iR
+ h:c: (43)
Charge conservation does not allow for Majorana terms (Eq.30) to be present here.
After SSB we get
L
q
mass
=  M
u
u
L
u
R
 M
d

d
L
d
R
(44)
where
M
u
=
1
p
2

h
q

1
+
~
h
q

2

; M
d
=
1
p
2

~
h
q

1
+ h
q

2

: (45)
Dening physical states
u
L;R
= V
u
L;R
u^
L;R
; (46)
d
L;R
= V
d
L;R
^
d
L;R
(47)
we have
m
u
= (m
u
;m
c
;m
t
)
diag
= V
u
L
y
M
u
V
u
R
; (48)
m
d
= (m
d
;m
s
;m
b
)
diag
= V
d
L
y
M
d
V
d
R
: (49)
3. Higgs particles
Minimalization of the Higgs potential gives us relation between physical and gauge Higgses, too



=
p

2
1
 
2
2


1
0
=
1
p
2
+
h
H
0
0
(
1
a
0
  
2
b
0
) +H
0
1
(
1
a
1
  
2
b
1
) +H
0
2
(
1
a
2
  
2
b
2
) + i
1
~
G
0
1
  i
2
A
0
1
i
; (50)

2
0
=
1
p
2
+
h
H
0
0
(
2
a
0
+ 
1
b
0
) +H
0
1
(
2
a
1
+ 
1
b
1
) +H
0
2
(
2
a
2
+ 
1
b
2
)  i
2
~
G
0
1
  i
1
A
0
1
i
; (51)

0
L
=
1
p
2
 
H
0
3
+ iA
0
2

; (52)

0
R
=
1
p
2
 
c
0
H
0
0
+ c
1
H
0
1
+ c
2
H
0
2
+ iG
0
2

; (53)
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The charged current Lagrangian (Eq.10)
L
CC
=
g
p
2



P
L
W
+
L
+ P
R
W
+
R

l + h:c: (63)
converted to the physical one is the following (Eqs.(39),(42),(28))
L
CC
=

N


A
(1)
L
P
L
+A
(1)
R
P
R

^
lW
+
1
+

N


A
(2)
L
P
L
+A
(2)
R
P
R

^
lW
+
2
+ h:c:; (64)
where
A
(1)
L
=
e
p
2 sin 
cos K
L
; A
(1)
R
=  
e
p
2 sin 
sin K
R
;
A
(2)
L
=
e
p
2 sin 
sin K
L
; A
(2)
R
=
e
p
2 sin 
cos K
R
;
and K
L
(K
R
) are 6 3 mixing matrices
K
L
= U
y
L
U
l
L
; K
R
= U
y
R
U
l
R
: (65)
Similarely the neutral current Lagrangian in the L-R model is given by
L
NC
=
e
2 sin
W
cos 
W
[J

1
Z
1
+ J

2
Z
2
]  eJ

em
A

; (66)
where J

em
=

l

l and neutral currents J

1;2
are equal
J

i
=

l


A
il
L
P
L
+A
il
R
P
R

l + 


A
i
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L
P
L
+ A
i
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R
P
R

; (67)
with


L
= U
y
L
U
L
; 

R
= U
y
R
U
R
;
A
1l
L
= cos  g
e
L
+ sin g
0
e
L
; A
1
L
= cos + sin g
0
e
L
A
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R
= cos 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e
R
+ sin g
0
e
R
; A
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R
= sin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0

R
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A
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L
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0
e
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L
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A
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R
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
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0
e
R

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e
R
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R
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0

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;
(68)
and
g
e
L
=  1 + 2sin
2
; g
0
e
L
=  
sin
2

p
cos 2
;
g
e
R
= 2sin
2
; g
0
e
R
=
1 3sin
2

p
cos 2
; g
0

R
=  
cos
2

p
cos 2
:
Quarks
The charged current Lagrangian for quarks can be written in a similar way. The only dierence is connected with
other mixing matrices
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=
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  
2

0
1


; B
0
=
p
2

2
 


1

0
1
  
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
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: (78)
The right-handed triplet interaction with leptons is
 L
R
Y
= 
0
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
c
L
h
R

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 
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+
R
p
2
(
c
L
h
R
e
R
+ e
c
L
h
R

R
)   
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R
e
c
L
h
R
e
R
+ h:c:; (79)
where the rst two parts are given by
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R
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c
L
h
R

R
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(

R
)
2
ca
P
R

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X
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(
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(80)
and
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R
e
R
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c
L
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
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a
"
X
b
(


R
)
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N
b
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R
)
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P
R
e
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
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+ e
l
"
X
b

K
y
R

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N
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
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)
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#
P
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N
a

 
R
)
: (81)
Since v
L
= 0, the interaction of the left-handed triplet can not be simple obtained by taking R! L in Eqs. (81,82).
To get this interaction we use relation h
L
= h
R
6= 0. Then

0
L

c
R
h
L

L
+ h:c: =
1
p
2v
R
X
a

N
a
h
X
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
0
L
P
L
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
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
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L

P
R
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a
+
p
2
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
N
a
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X
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
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L
P
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
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
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L

P
R
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N
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; (82)
and
 

+
L
p
2
(
c
R
h
L
e
L
+ e
c
R
h
L

L
) + h:c: = (83)
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R

+
L
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
N
a
X
b
X
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(K
L
)
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P
L
e
l
+
1
v
R

 
L
X
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l
X
b

K
y
L

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(X

)
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P
R
N
a
;
The matrix X is given by
X
ab
=
X
c

U
y
R
U
L

T
ac
m
N
c

U
y
R
U
L

cb
= X
ba
: (84)
The quark part of the Yukawa lagrangian is the following
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where;
a
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=  
g
p
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=  
g
p
2

2
+
(x
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)
b
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) (90)
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We can see from this Lagrangian that Goldstone bosons
~
G
0
1;2
and
~
G

L;R
must be join to give the `true' Goldstone
bosons G
0
1;2
and G

1;2
`eaten' by appropriate gauge bosons (Z
0
1;2
and W

1;2
, respectively). Only then we can get rid of
unwanted bilinear terms in the Lagrangian
1
. So we can dene new Goldstone elds using the ortogonal transformations
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=
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(93)
and then one gets
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1
Such situation takes place in all gauge models where more neutral and/or charged gauge bosons exist (e.g. in SU(2)
U(1)
Y


U(1)
Y
0
or GUT models.
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Because auxilary elds B
3
L;R
; B

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; B
B
under BRS transformations give zero

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= 0;
the F-P Lagrangian is explicitly as follow
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Putting for ghost elds c
3
L;R
; c
4
the same transformations as for gauge bosons (Eqs.(2.1.2),(2.1.3)), namely

c

L
c

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
=

cos sin
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
=

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
1
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(98)
and
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(99)
we get all elds in physical terms. Then masses of ghost elds are
(m
c

1;2
)
2
= i(m
W

1;2
)
2
(m
c
1;2
)
2
= i(m
Z
1;2
)
2
m
c
0
= 0: (100)
Finally let's write propagators which come from the consider Lagrangian
 Ghost elds
i(p) =
 1
p
2
  M
2
i
+ i"
; where M
i
=
8
>
<
>
>
:
M
W
1
for c

1
M
W
2
for c

2
M
Z
1
for c
1
M
Z
2
for c
2
(101)
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Part II
Renormalization procedure.
In this chapter we present denitions of renormalization constants on the mass shell scheme. The way how to calculate
all counter terms for tadpoles, two and three point functions are given. Because unphysical particles do not appear in
the external lines, we may impose any renormalization conditions for them thus we do not include them. Practically,
it is convienient to use the minimal subtraction procedure (see e.g. [3]).
IV RENORMALIZATION OF TADPOLES
Lorentz invariance prevents tadpoles for elds other than scalar ones. Thus if the diagram
= ti
denotes tadpole t
i
(i = H
0
;H
0
1
;H
0
2
;H
0
3
; A
0
1
; A
0
2
) and the diagram
= Ti
is an appropriate counter term T
i
the renormalization conditions t
i
+ T
i
= 0 give renormalization constants T
i
.
V RENORMALIZATION CONDITIONS AND COUNTER TERMS FOR TWOPOINT FUNCTIONS
A Denitions of the renormalization constants
All quantities below with (without) sux 0 denote bare (renormalized) ones. Capital "IJ" (small "ij") indices
represent up (down) fermions in the left and right handed doublets. For abbreviation we denote neutral physical
Higgses (i = H
0
;H
0
1
;H
0
2
;H
0
3
; A
0
1
; A
0
2
) using i; j indices (e.g. Z
1
2
ij
's in Eq.(..)), single charged Higgses H

1;2
without `
0
prex (e.g. Z
1
2
H
+
1
H
+
2
 Z
1
2
H
1
H
2
) and analogically we treat doubly charged Higgses (e.g. Z
1
2

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L

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R
 Z
1
2

L

R
).
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
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(109)
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2
f
 G
2
f
m
2
f
f = leptons, quarks: (135)
B Renormalization conditions and counter terms
1. Gauge-bosons.
In all the following pictures in this section the diagram
represents n-loop self-energy contribution, whereas
is an appropriate counter term. `k' stands for the particle momentum.
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:
These equations allow us to calculate six renormalization constants (prime prex in the renormalization conditions
below means dierentiation over k
2
).
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Renormalization conditions Renormalization constants
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:
In this case 6 renormalization constants is xed.
Renormalization conditions Renormalization constants
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Finally, 6 renormalization constants connected with doubly charged Higgses can be found.
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:
Taking renormalization conditions
i = j :
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i > j :
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78 renormalization constants can be found.
VI RENORMALIZATION OF THE REMAINING PARAMETERS
A Denitions of the renormalization constants
There are more free parameters in the Left-Right Symmetric Model than in the S.M. (cos'; sin ;

L;R
;K
L;R
). Thus
more renormalization condition must be introduced. We dene the renormalization constants for remainig parameters
as follow
29
where
(Z
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)
ee
= (Z
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)
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+ (Z
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)
y
ee
(153)
2. The renormalization constant G

.
One can determine the G

constant from the W
1

i
e vertex for example;
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+µ
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3. The renormalization constants G
'
; G

.
To determine the G
'
and G

renormalization constants we exploit an additional vertex - Z
1
e
 
e
 
;
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Let us rst concider the left handed part of the unrenormalized charged current interactions (for the right handed
part all formulas are analogous) in the form


L
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l
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which in the renormalized quantities reads
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Using the formulas
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which are satised for the bar and renormalized quantities, for the one loop level we have
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and thus
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Requiring that the antihermitean part vanish (i.e. the terms in square brackets) we may x U
y
L
and U
L
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y
L
=  
1
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
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
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Part III
Renormalization of the Z
1

i

j
vertex.
VII THE GENERAL SCHEME
Having denitions of renormalization constants we can go to the main part of our work i.e. to the renormalization
of the Z
1

i

j
vertex;
Z1
µ
νi νj
= ΓµZ1νiνj
We can decompose the full Z
1

i

j
vertex in the two components, to the counter term part and to the contributions
from the diagrams
 

Z
1

i

j
= ie


 
Z
1

i

j
CT
+  
Z
1

i

j
D

(179)
where
 
Z
1

i

j
CT
 (P
L
(CT )
L
+ P
R
(CT )
R
) : (180)
The following bar Lagrangian contributs to the Z
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vertex
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where

A
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
cos  
q
1 

cos
2


sin
2

q
1  2

sin
2

(182)

A
1
R
=  
q
1 

cos
2

1 

sin
2

q
1  2

sin
2

(183)

A
2
L
=
q
1 

cos
2
+

cos 

sin
2

q
1  2

sin
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VIII CALCULATIONS
Analizing the previous paragraphs it is easy to realize that expressions needed for the renormalizing Z
1

i

j
vertex
in the Left-Right Symmetric Model are much more complex than ones for the Standard Model. To have a good test
if the method really works we have decided to check the cancellation of the innity part in the Z
1

i

j
vertex. In fact
it was the most important task to do. If our calculations failed all work would be useless. We have made numarical
calculations using the "Mathematica" program, proving that all innities in the Z
1

i

j
vertex really cancell. Since the
full formulas (i.e. the nity and innity part) for renormalization costants take too much room we don't write them
explicitly in the article ( we plan to put all of them on the server). Here we show only the diagrams which contributs
to the propagators and to the vertices used for the renormalization of the Z
1

i

j
vertex;
A, Z1,2
A
= vb va +Σ
a,b
la la +Σ
a
W+,-1,2 W
+,-
1,2
+
W+,-1,2 H
+,-
1,2,
+
G+,-1,2
H+,-2 ,
+
H+,-2 ,
G+,-1,2G
+,-
1,2
H+,-1H
+,-
1
δ++,--L δ++,--L
++
δ++,--R δ++,--R
+
c
-,+
1,2 c
+,-
1,2
+
W+,-1,2
+
H+,-1,2,G
+,-
1,2
+
δ++,--L,R
Fig.1
The A   A;Z
1;2
bosons one loop self-energy diagrams. The summation is over the neutrino (
a
; 
b
) and the charged lepton
avors (l
a
).
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Fig.4
The one-loop diagrams for the Z
1
ee vertex.
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Gauge transformations dened in Eqs.(1.1.4)-(1.1.9) allow in consistence
way to build up two kinds of invariant interactions. The rst one gives
fermion-gauge interaction
L
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The second one gives gauge-gauge interactions
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Gauge bosons W

L;R
; B

are given in weak basis. Appropriate transformations
to physical basis are given in Section 2. Until now fermion and gauge elds
are massless - mass terms which could appear are not gauge invariant. To
make them massive we introduce scalar elds - Higgs particles.
3
This Higgs sector (containing bidoublet  and triplets 
L;R
) lead to ap-
propriate gauge symmetry breaking by the chain
G = SU(2)
L

 SU(2)
R

 U(1)
B L
v
R
! SU(2)
L

 U(1)
Y

1
;
2
;v
L
 ! U(1)
em
:
(1.2.8)
This will be shown in the next Section.

L
 (3; 1; 2), 
R
 (1; 3; 2) and  

1
2
;
1
2

; 0

elds build the kinetic
part of the Lagrangian
L = Tr
h
(D


L
)
y
(D


L
)
i
+ Tr
h
(D


R
)
y
(D


R
)
i
+ Tr
h
(D

)
y
(D

)
i
:
(1.2.9)
where
D

 = @

  ig
L
~
W
L
~
2

i
g
R

~
2
~
W
R
;
D


L;R
= @


L;R
  ig
L
"
~
2
~
W
L
;
L
#
  ig
R
"
~
2
~
W
R
;
R
#
  ig
0
B


L;R
:
(1.2.10)
1.3 Higgs potential
Before spontaneous symmetry breaking the Lagrangian has the left-right sym-
metry specied by the transformation
	
L
$ 	
R
; 
L
$ 
R
and $ 
y
(1.3.1)
where 	
L;R
are the column vectors containing the left-handed and right-
handed leptons. We consider the most general Higgs potential ([?] and [?])
V =   
2
1

Tr
h

y

i
  
2
2

Tr
h
~

y
i
+ Tr
h
~

y

i
  
2
3

Tr
h

L

y
L
i
+ Tr
h

R

y
R
i
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following inequalities can be obtained (
+
=
q

2
1
+ 
2
2
)
v
R
>> 
+
>> v
L
: (1.3.4)
2 Lagrangian in physical basis
2.1 Physical elds
Bosons
Masses of gauge bosons are obtained from the Lagrangian Eq.(1.1.10) (we
assume that g
L
= g
R
)
The charged

W

L
=
1
p
2
(W

1L
 iW

2L
);W

R
=
1
p
2
(W

1R
 iW

2R

and neut-
ral (W

3L
;W

3R
; B

) gauge bosons mass matrices
~
M
2
W
;
~
M
2
0
are the following
(v
L
= 0)
~
M
2
W
=
g
2
4


2
+
 4
1

2
 4
1

2

2
+
+ 2v
2
R

~
M
2
0
=
0
B
@
g
2
2

2
+
 
g
2
2

2
+
0
 
g
2
2

2
+
g
2
2
(
2
+
+ 4v
2
R
)  4gg
0
v
2
R
0  4gg
0
v
2
R
4g
02
v
2
R
1
C
A
: (2.1.1)
These massmatrices are diagonalized by the unitary transformation for charged
gauge bosons
 
W

L
W

R
!
=
 
cos sin
 sin cos
!
=
 
W

1
W

2
!
(2.1.2)
and by orthogonal transformation in neutral sector
0
B
@
W
3L
W
3R
B
1
C
A
=
0
B
@
c
w
c c
w
s s
w
 s
w
s
m
c  c
m
s  s
w
s
m
s+ c
m
c c
w
s
m
 s
w
c
m
c+ s
m
s  s
w
c
m
s  s
m
c +c
w
c
m
1
C
A
0
B
@
Z
1
Z
2
A
1
C
A

0
B
@
x
1
x
2
x
3
y
1
y
2
y
3
v
1
v
2
v
3
1
C
A
0
B
@
Z
1
Z
2
A
1
C
A
(2.1.3)
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with
M
D
= h
1
+
~
h

2
; M
R
= 2h
R

R
; M
L
= 2h

L


L
= 0:
Using a transformation
n
R
= Un^
R
(2.1.9)
such that U
T
MU =
^
M is diagonal, positive mass matrix we get
L
Mass
=  
1
2

n^
c
L
^
Mn^
R
+ h:c:   
1
2

N
^
MN; (2.1.10)
with
N = n^
R
+ n^
c
L
 n^
R
+ C

n^
T
R
: (2.1.11)
By an appropriate decomposition of the matrix U
U =

U

L
U
R

; (2.1.12)
where both matrices U
L
and U
R
have the dimension (3 6), the weak eigen-
elds 
L;R
can be expressed through the mass eigenstates

L
= U
L
n^
c
L
 U
L
(P
L
N);

R
= U
R
n^
R
 U
R
(P
R
N);
(2.1.13)
where
P
L;R
=
1
2
(1 
5
):
The mass matrix for the charged leptons is given by
M
l
= h
1
+
~
h

2
; (2.1.14)
and is diagonalized by the biunitary transformation
U
l
L
y
M
l
U
l
R
=
^
M
l
(2.1.15)
where
^
M
l
is a diagonal, positive 33 matrix and unitary matrices U
l
L;R
yield
the physical lepton elds
^
l =
^
l
L
+
^
l
R
,
l
L;R
= U
l
L;R
^
l
L;R
: (2.1.16)
9
0
L
=
1
p
2

H
0
3
+ iA
0
2

; (2.1.26)

0
R
=
1
p
2

c
0
H
0
0
+ c
1
H
0
1
+ c
2
H
0
2
+ iG
0
2

; (2.1.27)

+
1
=

1

+
s
1 +


2
 
p
2
+
v
R

2
H
+
2
 

1

+
s
1 +

p
2
+
v
R

2
 

2
G
+
R
 

2

+
G
+
L
;
 a
12
H
+
2
+ a
1R
G
+
R
+ a
1L
G
+
L
(2.1.28)

+
2
=

2

+
s
1 +


2
 
p
2
+
v
R

2
H
+
2
 

2

+
s
1 +

p
2
+
v
R

2
 

2
G
+
R
+

1

+
G
+
L
;
 a
22
H
+
2
+ a
2R
G
+
R
+ a
2L
G
+
L
(2.1.29)

+
L
= H
+
1
; (2.1.30)

+
R
=
1
s
1 +


2
 
p
2
+
v
R

2
G
+
R
+
1
s
1 +

p
2
+
v
R

2
 

2
H
+
2
(2.1.31)
 a
RR
G
+
R
+ a
2R
H
+
2
: (2.1.32)
G

L;R
; G
0
1;2
are Goldstone bosons, H
0
i
(i=0,1,2,3) are neutral scalars with
J
PC
= 0
++
, A
0
1;2
are pseudoscalars with J
PC
= 0
+ 
and H

1;2
are single
charged Higgs bosons. The doubly charged Higgs bosons are already phys-
ical. Constants a
i
; b
i
; c
i
(i=0,1,2) stands for elements of unitary matrix which
diagonalize masses of part of neutral gauge Higgses (see []). Present exper-
iments gives us bounds on masses of additional gauge bosons W
2
and Z
2
(see section 2.3) which are present in the model from which the following
inequalities can be obtained
v
R
>> 
+
>> v
L
and then relations (4-11) can be simplify

0
1
'
1

+
p
2
h

1
H
0
0
  
2
H
0
1
+ i
1
G
0
1
  i
2
A
0
1
i
; (2.1.33)

0
2
'
1

+
p
2
h

2
H
0
0
+ 
1
H
0
1
  i
2
G
0
1
  i
1
A
0
1
i
; (2.1.34)
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where
A
(1)
L
=
e
p
2 sin
W
cos K
L
; A
(1)
R
=  
e
p
2 sin
W
sin e
i!
K
R
;
A
(2)
L
=
e
p
2 sin
W
sin K
L
; A
(2)
R
=
e
p
2 sin
W
cos e
i!
K
R
;
and K
L
(K
R
) are 6 3 mixing matrices
K
L
= U
y
L
U
l
L
; K
R
= U
y
R
U
l
R
: (2.2.3)
Similarely the neutral current Lagrangian in the L-R model is given by
L
NC
=
e
2 sin
W
cos 
W
[J

1
Z
1
+ J

2
Z
2
] ; (2.2.4)
where two neutral currents J

1;2
for leptons are equal
J

i
=

l

h
A
il
L
P
L
+A
il
R
P
R
i
l+ 

h
A
i
L
P
L
+A
i
R
P
R
i
; (2.2.5)
where
A
1l
L
= cos  g
e
L
+ sin g
0
e
L
; A
1
L
= cos+ sin g
0
e
L
A
1l
R
= cos  g
e
R
+ sin g
0
e
R
; A
1
R
= sin g
0

R
;
A
2l
L
= cos 

 g
0
e
L

+ sin g
e
L
; A
2
L
= cos

 g
0
e
L

+ sin;
A
2l
R
= cos 

 g
0
e
R

+ sin g
e
R
; A
2
R
= cos

 g
0

R

;
(2.2.6)
and
g
e
L
=  1 + 2sin
2

W
; g
0
e
L
=  
sin
2

W
p
cos 2
W
;
g
e
R
= 2sin
2

W
; g
0
e
R
=
1 3sin
2

W
p
cos2
W
;
g
0

R
=  
cos
2

W
p
cos2
W
:
Quarks
13
and
g
d
L
=   cos
2

W
 
sin
2

W
3
g
0
d
L
=
sin
2

W
3
p
cos2
W
;
g
d
R
=
2
3
sin
2

W
; g
0
d
R
=
p
cos 2
W
+
sin
2

W
3
p
cos 2
W
;
g
u
R
=  
4
3
sin
2

W
g
0
u
R
=  
p
cos 2
W
+
sin
2

W
3
p
cos2
W
;
g
u
L
=
sin
2

W
3
p
cos 2
W
; g
0
u
L
= g
0
d
L
2.3 Gauge-Gauge interactions
This Lagrangian is dened in Eq.(1.1.12) which can be written in physical
basis taking into account Eqs.(2.1.2),(2.1.3).
2.4 Fermion - Higgs and Goldstone boson interactions
The lepton sector (Eq.(2.1.4)):

L

h
0
1
+
~
h
0
2



R
+ h:c: =
P
a

N
a
("
(

L
)
aa
m
N
a
B
0
+
X
l
(K
L
)
al
(K

R
)
al
m
l
A

0
#
P
R
+
"
m
N
a
(

L
)
aa
B

0
+
X
l
(K

L
)
al
(K
R
)
al
m
l
A
0
#
P
L
)
N
a
+
X
a>b

N
a
nh
(

L
)
ac
m
N
c
(

R
)
cb
+ (

L
)
bc
m
N
c
(

R
)
ca

B
0
+
X
l
m
l
((K
L
)
al
(K

R
)
bl
+ (K
L
)
bl
(K

R
)
al
)A

0
#
P
R
+
h
(

L
)
ac
m
N
c
(

R
)
cb
+ (

L
)
bc
m
N
c
(

R
)
ca

B

0
+
X
l
m
l
((K

L
)
bl
(K
R
)
al
+ (K

L
)
al
(K
R
)
bl
)A
0
#
P
L
)
N
b
; (2.4.1)

L

h
+
1
 
~
h
+
2

e
R
+ e
L

h
 
2
 
~
h
 
1


R
+ h:c: =
15
where the rst two parts are given by

0
R

c
L
h
R

R
+ h:c: =
 
1
2v
R
X
a

N
a
 
X
c
m
N
c
h
(

R
)
2
ca
P
R

0
R
+ (


R
)
2
ca
P
L

0
R

i
!
N
a
 
1
v
R
X
a>b

N
a
 
X
c
m
N
c
h
(

R
)
cb
(

R
)
ca
P
R

0
R
+ (


R
)
cb
(


R
)
ca
P
L

0
R

i
!
N
b
(2.4.6)
and
 

+
R
p
2
(
c
L
h
R
e
R
+ e
c
L
h
R

R
) + h:c: =
 
1
v
R
X
a;l
(

N
a
"
X
b
(


R
)
ab
m
N
b
(K
R
)
bl
#
P
R
e
l

+
R
+ e
l
"
X
b

K
y
R

lb
m
N
b
(


R
)
ba
#
P
L
N
a

 
R
)
: (2.4.7)
To get the interaction of the left-handed triplet the indices L(R) in the formu-
lae (35) and (36) should be replaced by R(L) (if v
L
6= 0). If the left handed
triplet does not condensate (v
L
= 0) it will still interact with the leptons
(h
L
= h
R
6= 0). Then to get its interaction with physical leptons we have to
use the formulae

0
L

c
R
h
L

L
+ h:c: =
1
p
2v
R
X
a

N
a
h
X
aa

0
L
P
L
+X

aa

0
L

P
R
i
N
a
+
p
2
v
R
X
a>b

N
a
h
X
ab

0
L
P
L
+X

ab

0
L

P
R
i
N
b
; (2.4.8)
and
 

+
L
p
2
(
c
R
h
L
e
L
+ e
c
R
h
L

L
) + h:c: = (2.4.9)
 
1
v
R

+
L
X
a;l

N
a
X
b
X
ab
(K
L
)
bl
P
L
e
l
+
1
v
R

 
L
X
a;l
e
l
X
b

K
y
L

lb
(X

)
ba
P
R
N
a
;
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
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@


0
1


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
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
L
 


1
@


+
2
  
2
@


+
1

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
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
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 
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2
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

 
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
 W

R
 


1
@


+
1
  
2
@


+
2
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(3.1)
and
L

R
2
=  ig
0
v
R
p
2
B

h
@


0
R

  @


0
R
i
++ig
v
R
p
2
W

3R
h
@


0
R

  @


0
R
i
+ ig
v
R
p
2
h
W

R
 

@


+
R

 W

R
+

@


 
R
i
: (3.2)
That is why we prepare appropriate gauge xing lagrangian which causes that
these bilinear terms are canceled.
In physical terms this lagrangian is read
L
GF
=  
1
4

h
@

Z
1
  2a
ZG
11
G
o
1
i
2
+
h
@

Z
1
  2b
ZG
12
G
o
2
)
i
2
+
h
@

Z
2
  2a
ZG
21
G
o
1
i
2
+
h
@

Z
2
  2b
ZG
22
G
o
2
)
i
2
+ 2
h
@

W
+
1
+ 2(ab)
WG
1R
G
+
R
i h
@

W
 
1
  2(ab)
WG
1R
G
 
R
i
+ 2
h
@

W
+
1
+ 2a
WG
1L
G
+
L
i h
@

W
 
1
  2a
WG
1L
G
 
L
i
+ 2
h
@

W
+
2
+ 2(ab)
WG
2R
G
+
R
i h
@

W
 
2
  2(ab)
WG
2R
G
 
R
i
+ 2
h
@

W
+
2
+ 2a
WG
2L
G
+
L
i h
@

W
 
2
  2a
WG
2L
G
 
L
io
(3.3)
where
(a
ZG
11
)
2
+ (b
ZG
12
)
2
= m
2
Z
1
(a
ZG
21
)
2
+ (b
ZG
22
)
2
= m
2
Z
2
((ab)
WG
1R
)
2
+ (a
WG
1L
)
2
= m
2
W
1
((ab)
WG
2R
)
2
+ (a
WG
2L
)
2
= m
2
W
2
(3.4)
where:
a
ZG
11
=  
g
p
2

2
+
(x
1
  y
1
); a
ZG
21
=  
g
p
2

2
+
(x
2
  y
2
)
b
ZG
12
=  v
R
(g
0
v
1
  gy
1
); b
ZG
22
=  v
R
(g
0
v
2
  gy
2
) (3.5)
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+
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 
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) + ig
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+
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 
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
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;
and for gauge bosons

BRS
W
3
L;R
= @

c
3
L;R
+ g(W
1
L;R
c
2
L;R
 W
2
L;R
c
1
L;R
)

BRS
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1;2
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= @

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 W
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)

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B
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= @

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4
where similarely like for W bosons we have
c

L;R
=
1
p
2
(c
1
L;R
 ic
2
L;R
) (3.8)
Because auxilary elds B
3
L;R
; B

L;R
; B
B
under BRS transformations give zero

BRS
B
3;
L;R;B
= 0;
the F-P Lagrangian is explicitly as follow
L
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where
M
i
=
8
>
<
>
:
M
W
1;2
for W

1;2
M
Z
1;2
for Z
1;2
0 for photon
(3.15)
-for neutral and charged Higgs bosons
i(p) =
i
p
2
 M
2
H
+ i"
(3.16)
-for neutral Nambu-Goldson particles
i(p) =
i
p
2
  2M
2
i
+ i"
where M
i
=
(
(a
ZG
11
)
2
+ (a
ZG
21
)
2
for G
0
1
(b
ZG
11
)
2
+ (b
ZG
21
)
2
for G
0
2
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where quantities with (without) sux 0 denote bare (renormalized) quant-
ities, H (G) represents an arbitrary Higgs (Goldston) particle, M
f
is the fer-
mion mass, capital (small) indices "ij" represent top (bottom) fermions. In
the near future we are going to calculate Z decay into two light neutrinos in
one-loop aproximation in the LR model, so the examples in this paragraph (
for instance the renormalization constants ) has been chosen according to this
task. We use for our calculations on-shell renolmalization framework which
has been used by Aoki, Hioki, Kawabe, Konuma, Muta ( ).
4.2 Renormalization conditions and counter terms for
two-point functions (proper self energies) of phys-
ical particles.
4.2.1 Gauge-bosons.
In all the following pictures in this section the diagram;
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4.2.2 Fermions.
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We show the W
1
boson self-energy diagrams on gure 1. We use the following
symbols; "number"d is the number of diagrams and "number"nsp (csp) (dcsp) is
the number of neutral (charged) (double-charged) scalar particles which contribute
to the diagram. The renormalization costant M
2
W
1
is determined by:
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